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ABSTRACT

Hyperkalemia is common in patients with end-stage renal dis-
ease, and may result in serious electrocardiographic abnormal-
ities. Dialysis is the definitive treatment of hyperkalemia in
these patients. Intravenous calcium is used to stabilize themyo-
cardium. Intravenous insulin and nebulized albuterol lower
serum potassium acutely, by shifting it into the cells. Despite
their widespread use, neither intravenous bicarbonate nor cat-

ion exchange resins are effective in lowering serum potassium
acutely. Prevention of hyperkalemia currently rests largely
upon dietary compliance and avoidance of medications that
may promote hyperkalemia. Prolonged fasting may provoke
hyperkalemia, which can be prevented by administration of
intravenous dextrose.

Hyperkalemia is common in patients with end-stage
renal disease. Due to its effect on cardiac conductivity,
hyperkalemia is a subject of great concern among clini-
cians. This reviewwill discuss current views of its mecha-
nisms in dialysis patients, treatment modalities, and
approaches to its prevention.

Potassium Homeostasis

The total potassium content of an average 70 kg per-
son is approximately 3500 mmol. Of this, 98% is con-
tained inside the cells, while only 2% is in the
extracellular compartment. Due to this asymmetric dis-
tribution, small shifts between the intracellular and
extracellular fluid compartments may result in major
changes in serum-potassium concentration. The average
American diet contains about 100 mmol of potassium,
an amount exceeding the total intracellular content (1).
Maintenance of serum potassium in the normal range
therefore depends on both excretion of potassium out of
the body, as well as potassium shifts between the extra-
cellular and intracellular compartments (2,3).

Potassium excretion depends primarily on renal, and
to a lesser extent on intestinal excretion. In individuals
with normal renal function, 90–95% of an oral potas-
sium load is excreted in the urine, while the rest is
excreted in the stool. An increase in dietary potassium
intake results in an adaptive increase in urinary and gas-
trointestinal potassium excretion. Complete excretion of
an oral potassium load is a relatively slow process, requi-
ring 6–12 hours to be completed. Dietary potassium is
initially absorbed into the extracellular fluid compart-

ment, a process that would acutely result in hyperkale-
mia, were it not for the rapid shifts of potassium from
the extracellular to the intracellular fluid compartments
(accomplished within minutes) that defend against this
complication. The major factors stimulating potassium
shifts from the extracellular to the intracellular fluid
compartments (extrarenal potassium disposal) include
insulin, catecholamines, andmetabolic alkalosis.

Given that the kidneys are largely responsible for
potassium excretion, it is not surprising that patients
with end-stage renal disease are at a high risk for
developing hyperkalemia. In this patient population,
extrarenal potassium disposal is paramount in defending
against hyperkalemia. Increased levels of aldosterone
enhance intestinal secretion of potassium in dialysis
patients by stimulating the ouabain-sensitive sodium-
potassium pump on intestinal epithelium. Notwith-
standing this adaptation, life-threatening hyperkalemia
is a frequent menace in patients with end-stage renal
disease (ESRD; 1–6).

Hyperkalemia—Definitions, Incidence, and
Symptoms

Hyperkalemia is the condition of overabundance of
potassium in the extracellular compartment (7). It is
defined as a serum-potassium concentration ‡5.5 mm
(1). Although hyperkalemia may occur in the outpatient
setting, it is more commonly observed in hospitalized
patients, at a frequency ranging between 1% and 10%
(7). Among hemodialysis patients, the mortality due
to hyperkalemia has been estimated at 3.1 per
1000 patient-years (8). In any given month, 5–10% of
hemodialysis patients have hyperkalemia. Furthermore,
24% of patients with ESRD require emergency hemodi-
alysis at some time for treatment of hyperkalemia (9).

Common causes of hyperkalemia in dialysis patients
include excess intake of potassium, most often through
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dietary indiscretion but occasionally from overzealous
intravenous or oral supplementation. In addition, inad-
equate dialytic potassium removal may be a cause of
hyperkalemia in patients with end-stage renal disease
who skip dialysis treatments or cut their sessions short.
Potassium shifts from the intracellular to the extracellu-
lar compartments may also contribute to hyperkalemia.
Such shifts can be attributed to postdialytic rebound,
drugs (including nonselective beta-blockers, digitalis,
and succinylcholine), insulin deficiency, metabolic acid-
osis, and rhabdomyolysis. Drugs that impair urinary
potassium excretion (angiotensin converting enzyme
[ACE] inhibitors, angiotensin receptor blockers, non-
steriodal anti-inflammatory drugs, trimethoprim, and
heparin) may aggravate hyperkalemia in dialysis
patients with residual kidney function. Finally, a defect
in cellular sodium-potassium ATPase has been demon-
strated in patients with ESRD leading to decreased
potassium uptake into cells (1).
In cells with excitability such asmuscle and cardiac tis-

sues, hyperkalemia leads to hyperpolarization of cells,
making them less able to depolarize when necessary (1).
The effect of hyperkalemia upon cardiac conductivity is
its most feared clinical consequence. Electrocardio-
graphic findings depend upon the level of hyperkalemia.
‘‘Mild’’ hyperkalemia (serum potassium 5.5–6.5 mm), is
often associated with ‘‘peaked’’ T-waves. ‘‘Moderate’’
hyperkalemia (serum potassium 6.5–8.0 mm) is also
associated with a prolonged PR interval (time in seconds
from the start of the P-wave to the beginning of the
Q-wave in an EKG) flattened P-waves, and QRS com-
plex (the combination of Q-, R-, and S-waves in an
EKG, signifying ventricular depolarization) widening.
Finally, ‘‘severe’’ hyperkalemia (>8 mm) is usually
associated with a total absence of P-waves; intraven-
tricular, fascicular, and bundle branch blocks; and most
ominously with a ‘‘sine-wave’’ and asystole (10).
As a general rule, greater degrees of hyperkalemia are

associated with more severe EKG abnormalities. Thus,
46–64% of patients with a serum potassium >6.0 mm
exhibit at least one EKG abnormality (11). However,
the association is far from perfect. Thus, there have been
case reports of patients with severe hyperkalemia
(>9.0 mm) with completely normal EKGs (12). More-
over, two studies performed in chronic hemodialysis
patients have reported a poor correlation between EKG
changes and the magnitude of hyperkalemia. Aslam
et al. (13) reported no correlation between the T-wave
amplitude or the T-wave to R-wave amplitude ratio and
serum-potassium concentrations. The clinical signifi-
cance of their observations was limited by potassium
concentrations within the normal range in most of their
study subjects. Of greater clinical relevancewas the study
byNgugi et al. (14), which included patients with awider
range of serum-potassium levels including overtly
hyperkalemic values (5.0–7.9 mm). EKG abnormalities
were observed in all (31 ⁄31) patients with a serum potas-
sium ‡6 mm, but also in 23% (9 ⁄39) of those with values
between 5.0–5.9 mm. Among the subset with EKG
abnormalities on presentation, the EKG normalized
30 minutes after initiating treatment in 50% (20 ⁄40) of
patients.

Less commonly, severe hyperkalemiamay profoundly
affect skeletal muscle, manifesting as motor weakness
and parasthesias. In severe cases, the patientmay present
with flaccid paralysis that resolves completely once the
hyperkalemia has been treated. Interestingly, muscle
weakness due to hyperkalemia rarely affects the dia-
phragm, cranial nerves, or sensory function (3).

Treatment of Hyperkalemia

Stabilization of the Myocardium

Immediate therapy of hyperkalemia (see Table 1) is
directed at preventing its life-threatening consequences
on cardiac conductivity. Rapid intravenous infusion of
calcium salts (either calcium gluconate or calcium chlor-
ide) reliably improves hyperkalemic EKG changes
within minutes. By increasing serum-calcium concentra-
tions, this intervention increases the threshold for the
cardiac muscle action potential, thereby decreasing exci-
tability (9). Five medical textbooks (two nephrology,
two internal medicine, and one emergency medicine)
advocate calcium gluconate in all hyperkalemic patients
with EKG changes (2,9,15–17). In addition, two of these
references advocate calcium administration in patients
whose serum potassium is >6.0–6.5 mm, even in the
absence of EKG changes (9,15).

Transcellular Shifts

Hemodialysis is the definitive therapy for severe
hyperkalemia with EKG changes in patients with end-
stage renal disease. Because initiation of hemodialysis
frequently requires 1–2 hours, it is important to institute
temporizingmeasures to lower serumpotassium acutely.
These therapies stimulate rapid potassium shifts from
the extracellular to the intracellular fluid compartments.
The principal treatment modalities in this category
include insulin, beta-2 adrenergic agonists, and bicar-
bonate. The next section will summarize the evidence
evaluating each of these therapies for acute hyperkale-
mia in dialysis patients.

Insulin Three studies have demonstrated the utility
of intravenous insulin (in combination with glucose)
for the rapid correction of hyperkalemia in patients
with ESRD. The first study observed a significant
drop in plasma potassium in 10 patients given insulin
(5 mU ⁄kg ⁄minute) in combination with glucose

TABLE 1. Treatment of hyperkalemia

Stabilizemyocardiumwith calcium salts (calcium gluconate 10 ml as
an i.v. bolus)
Shift potassium into cells:
Intravenous dextrose (50 ml of 50% i.v. bolus) + regular insulin
(10 units i.v. bolus)
AND
10–20 mg nebulized albuterol over 10 minutes (2–4 ml of 5 mg ⁄ml
albuterol solution) (72)
OR
Subcutaneous terbutaline injection (7 lg ⁄kg subcutaneously)

Potassium removal with dialysis
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(5 mg ⁄kg ⁄minute) as a constant infusion. Despite the
concurrent administration of dextrose, half of the
patients developed hypoglycemia. This study also found
that intravenous insulin with dextrose was more effica-
cious than bicarbonate or epinephrine in treating hyper-
kalemia acutely (18). The second study found that 10
units of intravenous regular insulin followed by 50 ml of
a 50% glucose solution (both given as an intravenous
bolus) significantly decreased serum potassium within
15 minutes, but also produced hypoglycemia in 75% of
patients within 1 hour (19). The third study found that
insulin was the most rapid and efficacious single-drug
therapy for hyperkalemia in acute and chronic renal fail-
ure. In this study 10 units of regular insulin and 50 ml of
50% dextrose were given as an intravenous bolus. A
decrease in serum-glucose levels was observed in all
patients, but only 20% developed frank hypoglycemia
(14). In summary, insulin is the most reliable drug
therapy for acute treatment of hyperkalemia in ESRD
patients. However, hypoglycemia is a common side
effect of this therapy, despite the coadministration of
dextrose. In concordance with this idea, another group
suggested that perhaps glucose infusion preceding insu-
lin administration would prevent this potentially serious
complication (20). Muto et al. (21) evaluated the effic-
acy of dextrose alone (in the absence of insulin infusion)
for treatment of hyperkalemia in patients with ESRD,
as well as in healthy controls. The authors’ rationale was
that exogenous glucose, by stimulating endogenous
secretion of insulin, would raise plasma insulin levels
sufficiently to increase transcellular shifts of potassium.
The authors observed a potassium-lowering effect of
glucose infusion in ESRD patients, but not in healthy
controls. This treatment modality may correct hyper-
kalemia in dialysis patients without exposing them to the
risk of hypoglycemia. However, it may not be effective
in diabetic dialysis patients, particularly those with insu-
lin-dependent diabetes or those in whom endogenous
insulin production is deficient. In fact, administration of
dextrose alone in such patients may result in a paradox-
ical increase in serum potassium, by producing plasma
hypertonicity that promotes potassium shift out of the
cells (solvent drag) (2). Coadministration of intravenous
insulin helps to attenuate this increase. In summary,
intravenous insulin with glucose remains the first-line
therapy for acute treatment of severe hyperkalemia
in dialysis patients. The treating nephrologist should
anticipate the occurrence of hypoglycemia in patients
receiving this treatment.

Albuterol Montoliu et al. (22) first reported that
intravenous albuterol (0.5 mg) acutely lowered serum
potassium in stable dialysis patients with mild hyper-
kalemia (mean serum potassium 5.6 mm) by about
1.1 mm within 30 minutes. Moreover, in patients with
severe hyperkalemia (mean serum potassium 7 mm)
this therapy lowered the serum potassium to a mean
of 5.6 mm within 30 minutes. Because albuterol
produced a rise in serum insulin, it was unclear
whether the potassium-lowering effect of albuterol
was mediated directly by its beta-2 adrenergic stimula-
tion or indirectly by its effect on insulin. However, in

a subgroup of patients with insulin-deficient diabetes,
albuterol produced similar decreases in serum potas-
sium despite negligible changes in free C peptide
levels, supporting a direct action of the drug. Ngugi
et al. (14) reported a similar decrease in serum potas-
sium following administration of 0.5 mg of intraven-
ous albuterol. A subgroup of ESRD patients treated
with intravenous albuterol experienced tremor (17 out
of 44) or generalized discomfort (10 out of 44).
Furthermore, the patients’ heart rate increased from
a mean of 77–99 bpm within 30 minutes of albu-
terol administration, but returned to baseline within
3 hours (22). The intravenous formulation of albuterol
is not available in the United States. However, nebulized
albuterol is also effective for the treatment of hyperkale-
mia in ESRD patients. In one study,10 mg of nebulized
albuterol lowered serum potassium by a mean of
0.62 mm, and 20 mg reduced serum potassium by
0.98 mm after 2 hours (23). In another study, 15 mg of
nebulized albuterol lowered the serum potassium by a
mean of 0.9 mm (24). Allon et al. (23) observed increases
in heart rate after nebulized albuterol, although themag-
nitude of increase (from 87 to 94 bpm after 20 mg of
nebulized albuterol) was smaller than that reported after
administration of intravenous albuterol. Furthermore,
among the patients given nebulized albuterol, Montoliu
et al. (24) found that only four out of 10 experienced a
mild tremor while only one of 10 patients in the Allon
et al. (23) study experienced anxiety.

In summary, both intravenous and nebulized albuter-
ol are efficacious in acutely decreasing the serum potas-
sium in ESRD patients, but nebulized albuterol is less
likely than the intravenous drug to produce tachycardia
and symptoms. In contrast, a study comparing intraven-
ous to nebulized albuterol in 11 children with ESRD
found a greater decrement in plasma potassium with
intravenous therapy, but a more sustained effect (up to
5 hours) with nebulized therapy. The two routes of
administration resulted in similar side-effect profiles,
including mild tremor, vasomotor flushing, and a mod-
est increase in heart rate (25).

The dose of nebulized albuterol reported to decrease
serum potassium in ESRD patients (10–20 mg) is sev-
eral-fold higher than that used as a bronchodilator in
patients with asthma or chronic obstructive lung disease
(2.5–5 mg). It is important to emphasize that the lungs
are simply being used as the route to introduce albuterol
into the systemic circulation. It appears that the systemic
absorption is quite low, as 10–20 mg of nebulized albu-
terol produce a comparable potassium-lowering dose to
that achieved with 0.5 mg intravenous albuterol. Lower
doses of nebulized albuterol are ineffective in lowering
serum potassium in ESRD patients. Thus, for example,
1.2 mg of albuterol administered by metered dose inha-
ler (MDI) produced a very modest decrease in serum
potassium (from a baseline of approximately 5.5 to
around 5.3 mm, 5.2 mm, and just below 5.1 mm at 5,
30, and 60 minutes, respectively), despite a comparable
increase in heart rate (26). Albuterol solutions for nebu-
lized administration are packaged at two concentrations:
0.83 mg ⁄ml and 5 mg ⁄ml). Administering 20 mg of neb-
ulized albuterol requires using 4 ml of the concentrated
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drug, as compared with 24 ml of the dilute formulation.
For this reason, the concentrated formulation should be
specified in the physician’s order.
Beta-2 adrenergic agonists may also be effective in the

treatment of hyperkalemia when administered subcuta-
neously. In a recent study, subcutaneous terbutaline
(7 lg ⁄kg) was administered to 14 chronic hemodialysis
patients and produced amean 1.3 mmdecrease in serum
potassium. Changes in heart rate were similar to those
found in previous studies using intravenous and nebu-
lized albuterol, with a mean increase of 26 bpm, but a
wide inter-subject variation (27). This study established
subcutaneous terbutaline as an alternate approach to
nebulized albuterol, that is remarkable for its speed and
simplicity of administration, as well as its rapid onset.
The combination of albuterol and insulin has been

evaluated for treating hyperkalemia in ESRD patients.
One study observed comparable potassium-lowering
effects with intravenous albuterol and insulin with glu-
cose. Combined administration of both drugs resulted in
a significantly greater potassium-lowering effect, as com-
pared with each drug alone (28). Likewise, a second
study observed a similar potassium-lowering effect in
ESRD patients treated with nebulized albuterol (10 mg)
alone or insulin with glucose. Combining both therapies
resulted in a greater decrease in serum potassium, as
compared with each therapy alone (19). In both studies
the frequency of hypoglycemia observed in patients
given insulin with glucose was markedly attenuated by
the coadministration of albuterol (19,28).
In summary, albuterol is effective for the rapid treat-

ment of hyperkalemia in ESRD patients. The nebulized
form is easier to use than the intravenous form, andmay
produce fewer side effects. Finally, coadministration of
albuterol and insulin with glucose has an additive potas-
sium-lowering effect, while reducing the likelihood of
hypoglycemia seen after insulin with glucose adminis-
tered alone.

Epinephrine Epinephrine at physiologic doses has
been shown to decrease serum potassium in healthy con-
trols. In contrast, epinephrine at low doses produces a
paradoxical increase in plasma potassium in ESRD
patients (29). Even high doses of epinephrine result in
only a modest decrease in serum potassium in dialysis
patients. Moreover, the response is unpredictable, with
only 50%of patients showing a significant effect (18).
Epinephrine is a mixed alpha- and beta-adrenergic

receptor. Whereas beta-2 stimulation shifts potassium
into the cells, alpha-adrenergic stimulation shifts potas-
sium out of the cells. Thus, the net effect of epinephrine
on serum potassium in a given individual reflects the
relative balance of beta-2 and alpha-adrenergic stimula-
tion. The resistance of dialysis patients to the potassium-
lowering effect of epinephrinemay reflect either a greater
alpha component or a blunted beta component, as com-
pared with healthy controls. The first explanation seems
more likely, as administration of epinephrine in patients
with concurrent beta-blockade (i.e., ‘‘pure’’ alpha-adren-
ergic stimulation) results in significantly greater increases
in serumpotassium in ESRDpatients, as comparedwith
those observed in healthy controls (4). For this reason,

the use of pure beta-2 agonists is the preferred modality
for acute treatment of hyperkalemia in ESRDpatients.

Bicarbonate Bicarbonate infusion has long been
recommended for the acute treatment of hyperkalemia
in dialysis patients. A survey of nephrology training pro-
gram directors in 1989 showed that after calcium gluco-
nate, bicarbonate was the most trusted therapy for acute
hyperkalemia in the oliguric patient (30). An early study
by Fraley and Adler showed that infusion of
88–132 mmol of bicarbonate in one liter of 5% dextrose
caused significant drops in serum potassium in hyperka-
lemic patients (not all necessarily chronic dialysis
patients) (31).
Despite the widely held belief in the efficacy of bicar-

bonate in treating hyperkalemia in dialysis patients, a
number of studies have cast doubt on its utility. Blum-
berg et al. administered either isotonic or hypertonic
bicarbonate (without glucose) to hemodialysis patients.
Neither therapy elicited a sizeable decrement in serum
potassium. In fact, both therapies resulted in an increase
in serum potassium at 60 minutes (18). In a subsequent
investigation, the same group evaluated the effect of
sodium bicarbonate infusion over several hours. The
earliest significant decrease in serum potassium occurred
at 4 hours, and it was very modest, from a baseline of
5.44–5.3 mm. In fact, the slight decline in serum potas-
sium could be explained purely on the basis of extracellu-
lar fluid volume expansion and dilution of extracellular
potassium (32). In another study hypertonic bicarbonate
infusions decreased serum potassium at 10 minutes, but
increased serum potassium at 180 minutes. In contrast,
isotonic bicarbonate decreased serum potassium at
180 minutes. The authors attributed the increase in
serum potassium with hypertonic bicarbonate to an
increase in plasma osmolality, which in turn, promoted
potassium shift out of the cells (33). The beneficial effect
of bicarbonate administration on hyperkalemia in the
study by Fraley and Adler (31) may have been due in
part to the coadministration of glucose, which would
itself lower serum potassium by stimulating endogenous
insulin secretion. Furthermore, Fraley and Adler (31)
included in their study chronic kidney disease patients
not yet on dialysis. In this subpopulation, bicarbonate
administration may lower serum potassium by stimula-
ting urinary potassium excretion.
In summary, the published studies demonstrate that

administration of bicarbonate to ESRD patients is inef-
fective in treating hyperkalemia within a useful time
frame (approximately 2 hours, or until dialysis can be
instituted), and thus should no longer be considered as
adequate therapy.
Although bicarbonate alone is not useful for the acute

treatment of hyperkalemia in ESRD patients, there is
some debate about its ability to potentiate the potas-
sium-lowering effects of insulin or albuterol. In
one study conducted by Kim (34), the combination of
bicarbonate and insulin with glucose was more effective
in decreasing serum potassium in dialysis patients than
insulin and glucose alone. In contrast, a second study in
dialysis patients performed by Allon and Shanklin (35)
found that the combination did not enhance the effect of
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insulin and glucose alone. The study done by Kim (34)
enrolled hyperkalemic patients (average pretreatment
serum potassium of 6.2–6.4 mm), whereas Allon and
Shanklin (35) studied normokalemic patients (serum
potassium4.23–4.34 mm). The study conducted byAllon
and Shanklin (35) was placebo-controlled, whereas
the one by Kim (34) was open-labeled. The two studies
also differed in the amount and type of bicarbonate
administered. Kim’s (34) study administered hyperto-
nic sodium bicarbonate (2 mmol ⁄minute over 1 hour),
whereas Allon and Shanklin’s (35) study administered
isotonic bicarbonate (1.5 mmol ⁄minute over 1 hour).

Potassium Removal

Although the above interventions are critical for the
acute treatment of hyperkalemia in ESRD patients,
definitive therapy entails removal of potassium, either
through the gastrointestinal (GI) tract or through
dialysis.

Cation Exchange Resins Formany decades, cat-
ion exchange resins in conjunction with cathartics (e.g.,
Kayexalate + sorbitol) have been used routinely in the
acute therapy of hyperkalemia in dialysis patients.While
early studies found that chronic administration (1 week)
of Kayexalate decreased serum-potassium concentra-
tion, they did not evaluate the acute use of this agent
(36,37). It was not until 1998 that one-time use of resin-
cathartic therapy for potassium removal was studied
independently of other treatment modalities. This study
looked at dialysis patients over a 12-hour period of time
after being given one of the five different regimens inclu-
ding placebo, resin only, phenolphthalein-docusate, phe-
nolphthalein-docusate + resin, and sorbitol + resin.
Over 12 hours, serum potassium of patients in all five
groups failed to decrease compared with pretreatment
values. Although the study enrolled primarily normoka-
lemic (serum potassium 3.4–5.7 mm) patients, there was
no correlation between pretreatment serum potassium
and stool potassium output or the magnitude of change
in serum potassium (36,38). Thus, although chronic
administration of resins may be useful in preventing
hyperkalemia in ESRD patients, the administration of
resins with or without cathartics in the acute setting is of
limited benefit due to its slow onset of action (minimum
of 2 hours) (39) and limited potassium-lowering effect.

Not only is resin-cathartic therapy of doubtful benefit
in the acute management of hyperkalemia among dialy-
sis patients, it may also produce potentially life-threaten-
ing complications. After several case reports implicated
Kayexalate + sorbitol enemas in causing colonic necro-
sis and occasionally perforation in ESRD patients, one
group tested this hypothesis in uremic rats. This group
found that enemas containing sorbitol or Kayexa-
late + sorbitol produced transmural necrosis in uremic
rats, whereas enemas containing either Kayexalate alone
or normal saline enemas had no such complications
(40). Enemas containing Kayexalate alone (without sor-
bitol) may be safer, especially because sorbitol serves no
useful purpose in the enema formulation (41). The
occurrence of gastric and ileocecal ulcers has been

reported in a single patient after oral administration
of Kayexalate in sorbitol. Combining Kayexalate with
another catharticmay be beneficial to patients (41).

Dialysis Dialysis is the definitive treatment for severe
hyperkalemia in ESRD patients. Several parameters of
dialysis may affect the magnitude of potassium removal,
including dialysate concentrations of potassium, bicar-
bonate and glucose, as well as dialyzer blood flow.

Most of the potassium removal occurs during the
first 2 hours of dialysis, when the potassium gradient
between the blood and dialysate is highest. Hemodialy-
sis is most commonly performed using a 2-mm dialy-
sate potassium concentration (2-K). Lowering the
dialysate potassium concentration should enhance
potassium removal by increasing the potassium gradi-
ent between the blood and the dialysate. Hou et al. (42)
compared the effect of three different dialysate potas-
sium concentrations on potassium removal: 2 mm
(2-K), 1 mm (1-K), and 0 mm (0-K) in 11 chronic
hemodialysis patients. The total amount of potassium
removed in a dialysis session averaged 51 mmol with
the 2-K dialysate, 63 mmol with the 1-K dialysate, and
78 mmol with the 0-K dialysate. There was a greater
decrease in serum potassium with 1-K dialysate, as
compared with a 2-K dialysate, but no further decrease
if one switched to a 0-K bath. Dolson et al. (43) com-
pared the effect of dialysis sessions using 1-K, 2-K, and
3-K dialysate. The lower the dialysate potassium con-
centration, the greater the amount of potassium
removed, and the lower the final postdialysis serum
potassium. Similarly, Zehnder et al. (44) compared
three dialysate potassium concentrations (0-K, 1-K,
and 2-K), and observed greater total potassium
removal with lower dialysate potassium concentrations.

Although lowering the dialysate potassium concen-
tration is a simple measure to increase potassium
removal, it may impair dialysis adequacy. Thus, Dolson
and Adrogue (45) observed a lower efficiency of dialysis
(URR and Kt ⁄V) with 1-K versus 3-K dialysate. They
postulated that the hypokalemia associated with the
use of low potassium dialysate results in vasodilation,
which in turn impairs blood flow to skeletal muscle,
thereby reducing urea clearance. In contrast, Zehnder
et al. (44) found no difference in urea clearance between
0-K, 1-K, and 2-K dialysates. The discrepancy in find-
ings between these two studies may be attributable to
differences in the dialysate glucose and bicarbonate
concentrations used.

Use of a low potassium dialysate may also expose
patients to potential cardiac side effects. Morrison et al.
(46) showed that a 2-K dialysate could provoke complex
ventricular arrhythmias during dialysis in some patients,
which usually resolved once the dialysate potassium con-
centration was increased to 3.5 mm. Hou et al. (42) used
Holter monitoring during a 4-hour dialysis session and
for 6 hours postdialysis in 11 patients dialyzed with 0-K,
1-K, and 2-K dialysates.Most patients had only isolated
premature ventricular complexes or atrial premature
contractions whose frequency did not correlate with the
dialysate potassium concentrations. However, one
patient had significant ventricular ectopy during dialysis
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with all three potassium baths, that wasmost severe with
the 0-K bath, and least severe with the 3-K bath. Fur-
thermore, when this patient was dialyzed with a 3-K
bath, the ventricular ectopy seen during the other dialy-
sis sessions was significantly improved.
In summary, low-potassium dialysate enhances potas-

sium removal, and may be more efficient for treatment
of acute hyperkalemia in patients with ESRD.However,
it may potentially reduce the efficiency of urea clearance.
In susceptible patients, it may also aggravate ventricular
arrhythmias.
The dialysate bicarbonate concentration may also

impact the magnitude of potassium decrement during
dialysis. In a randomized, double-blind, three-sequence,
crossover study, Heguilen et al. (47) compared changes
in serum potassium, potassium removal, and potassium
rebound in patients treated with three different dialysate
bicarbonate concentrations (27, 35, and 39 mm). While
serum potassium decreased more rapidly with the high
bicarbonate dialysis (39 mm), the total potassium
removal was not significantly different between the ther-
apies. They postulated that the higher bicarbonate con-
centration favored an intracellular potassium shift,
explaining these differences. Their observations suggest
that in patients with profound hyperkalemia the use of
high bicarbonate dialysate may be used to accelerate the
decrease in serum potassium. However, the safety of this
method should be further studied.
Another study by Capdevila et al. (48) compared the

efficiency of potassium removal in bicarbonate versus
acetate hemodialysis. Because a rise in serum bicarbon-
ate may shift potassium into cells during hemodialysis,
the authors postulated that bicarbonate dialysis reduced
potassium removal and increased potassium rebound
postdialysis. They actually found that potassium
removal was comparable with both dialysates although
potassium did rebound more with the bicarbonate buf-
fer. The authors concluded that bicarbonate-induced
intracellular shifts of potassium occur late in the course
of hemodialysis and therefore has little effect on total
potassium removal (which occured mainly in the first
2 hours of treatment).
Sherman et al. (49) evaluated the effect of dialysate

glucose concentrations upon dialytic potassium
removal. They compared the magnitude of potassium
removal between glucose-free dialysate and dialysate
containing 200 mg ⁄dl of glucose. One might expect that
the decreased endogenous insulin from the glucose-free
dialysate would allow a greater amount of potassium to
stay in the extracellular compartment for dialytic
removal, hence allowing for greater amounts of potas-
sium removal from glucose free dialysate. Although
potassium removal tended to be higher with glucose-free
dialysate, the difference did not achieve statistical signifi-
cance, probably due to the limited number of patients
studied. Ward et al. (50) did observe a significantly
higher potassium removal with glucose-free dialysate, as
comparedwith glucose-containing dialysate.
Dialysis blood flow may also influence potassium

removal. Thus, one study found that higher blood flows
resulted in significantly greater decreases in serum-potas-
sium concentration and potassium removal. Presuma-

bly, increasing the dialysis blood flow enhances
potassium clearance bymaximizing the potassium gradi-
ent between the blood and the dialysate (51).
Finally, acute treatment of hyperkalemia with insulin

or albuterol, by promoting potassium shifts from the
extracellular to the intracellular fluid compartment, may
attenuate potassium removal during the subsequent
dialysis session. Allon and Shanklin (52) showed that
administration of nebulized albuterol 30 minutes prior
to dialysis significantly lowered the potassium removal
during dialysis. Once the beta-adrenergic effect wears off
(after 4–6 hours), there may be an exaggerated rebound
in serum potassium. Although not tested in this study, it
is likely that a similar phenomenonmight be observed in
patients receiving intravenous insulinwith dextrose prior
to theirdialysis session.This studyenrollednormokalem-
ic patients, so it is not clear whether similar observations
wouldbeobtained inhyperkalemicdialysis patients.

Prevention

Dietary Restriction

Prevention of hyperkalemia (see Table 2) is of utmost
importance in dialysis patients. Given that the kidneys
are the major route for excretion of dietary potassium,
limiting potassium intake is critical in functionally
anephric dialysis patients. Hemodialysis patients should
restrict their daily dietary potassium to 2–3 g or to
8–17 mg ⁄kg (53). This entails restricting their intake of
high-potassium foods, such as oranges, melons, nuts,
several varieties of squash, beans, lentils, potatoes,
chocolate, and salt substitutes. A resource developed by
the National Kidney Foundation outlines helpful ways
to reduce potassium content in potassium-rich foods,
with methods such as ‘‘leaching’’ (54). Renal dietitians
play a critical role in educating patients about dietary
potassium restriction.

Fasting Hyperkalemia

The contribution of dietary potassium intake to
hyperkalemia in ESRD patients is intuitively obvious.
What is less frequently appreciated is the propensity of
dialysis patients to develop hyperkalemia during pro-
longed fasting (>8 hours). This phenomenon may be
observed when patients are fasted in preparation for sur-

TABLE 2. Prevention of hyperkalemia

Restriction of dietary potassium to 8–17 mg ⁄kg ⁄day
Administration of 10%dextrose at 50 ml ⁄minute during prolonged
fasting (add 10 units of regular insulin per liter if diabetic)
Avoidance ofmedications thatmay increase serum potassium,
including potassium sparing diureticsa, angiotensin converting
enzyme inhibitorsa, heparin, nonsteroidal anti-inflammatory drugs,
and nonselective beta-blockers
Potential therapies needing further study
Mineralocorticoids, such as fludrocortisone
Bisacodyl
Fosinopril
Low dialysate sodium concentration

aHistorically thesemedications are avoided; however, recent study
calls this practice into question. See text.
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gery or diagnostic studies, or if they are unable to eat
due to gastroparesis. It is not unusual for a dialysis
patient’s surgery to be canceled when hyperkalemia is
noted in the preoperative laboratory test.

Fasting hyperkalemia is a consequence of suppressed
endogenous insulin secretion. The decreased levels of
plasma insulin result in a net shift of potassium from the
cells into the extracellular fluid compartment. Unlike
healthy controls, who can easily excrete the excess extra-
cellular potassium in the urine, dialysis patients lacking
this adaptive mechanism develop hyperkalemia. As a
result, prolonged fasting produces a progressive increase
of serum potassium in dialysis patients, but no change in
normal controls (55). Deranged epinephrine metabolism
in ESRD patients may further aggravate fasting hyper-
kalemia (29). Whenever prolonged fasting becomes
necessary in dialysis patients, closemonitoring for hyper-
kalemia is recommended. Fasting hyperkalemia can be
easily prevented in nondiabetic dialysis patients by
administering 10% dextrose at 50 ml ⁄hour for the dur-
ation of their fast. The exogenous glucose, by stimulating
endogenous insulin secretion, prevents potassium shifts
out of the cell. In diabetic dialysis patients, who have
impaired endogenous insulin secretion, one should add
regular insulin (10 U ⁄ l) to the dextrose infusion (29).

Medications

Patients who are relatively new to dialysis usually
have residual kidney function and some capacity for
urinary potassium excretion. Drugs that impair renal
potassium excretion may predispose such patients to
hyperkalemia. These drugs include potassium-sparing
diuretics, ACE inhibitors, angiotensin-receptor blockers,
heparin, and nonsteroidal anti-inflammatory drugs. In
addition, drugs that impair extrarenal potassium dispo-
sal may promote hyperkalemia in both new and estab-
lished (anuric) dialysis patients. In addition, oral
contraceptives containing drospirenone (e.g., Yasmin)
may also produce hyperkalemia.

Given that beta-2 adrenergic stimulation fuels potas-
sium uptake into cells, it is not surprising that nonselec-
tive (i.e., beta-1 + beta-2) beta-blockers can exacerbate
hyperkalemia after physical exercise (56), or during fast-
ing, a finding which is absent when patients are given
selective beta-1 blockers (57). Therefore, when beta-
blockers are clinically indicated in ESRD patients,
beta-1 selective blockers, such as metoprolol or atenolol,
should be prescribed preferentially (58). Atenolol in
particular has been shown to be not only safe, but
also effective when administered thrice weekly (after
dialysis) for blood pressure control without causing
significant hyperkalemia (59). Carvedilol, a nonselective
beta-blocker used commonly for treatment of heart fail-
ure, may induce hyperkalemia in dialysis patients.

ACE inhibitors may induce hyperkalemia in dialysis
patients with residual kidney function. However, this
class of drugs may be of great therapeutic value in dialy-
sis patients, due to their high risk of cardiovascular com-
plications. The Heart Outcomes and Prevention
Evaluation (HOPE) trial observed a higher incidence of
cardiovascular death, myocardial infarction, and stroke

in patients with chronic kidney disease, as compared
with patients with normal renal function (60). Two
recent studies have shown that ACE inhibitors are
effective therapy for improving cardiovascular outcomes
in dialysis patients. TheHOPE trial reported that ramip-
ril significantly reduced the frequency of cardiovascular
death, myocardial infarction, and stroke in patients with
chronic kidney disease (60). A retrospective study of
hemodialysis patients between 1994 and 2000 found that
those patients receiving at least 6 months of therapy
with ACE inhibitors had significantly reduced all-cause
mortality, which was attributed to a reduction in cardio-
vascular death (61).

Unfortunately, neither study assessed the effects ACE
inhibitors on serum potassium in their study popula-
tions. A study byKnoll et al. (62) found that hemodialy-
sis patients taking ACE inhibitors or angiotensin
receptor blockers were twice as likely to develop hyper-
kalemia, as compared with patients not receiving these
therapies. Therefore, it is recommended that when ACE
inhibitors or angiotensin receptor blockers are pre-
scribed to hemodialysis patients, serum potassium
should be monitored weekly during the first month, and
thenmonthly (58).

Potassium-sparing diuretics, such as spironolactone
and eplerenone, may also result in hyperkalemia. How-
ever, just aswithACE inhibitors, spironolactone reduces
cardiovascular mortality in patients with congestive
heart failure (63). Two studies evaluated the safety of
short-term spironolactone therapy in hemodialysis
patients. The first study administered 2 weeks of thrice-
weekly therapy with 12.5 mg spironolactone, followed
by 2 weeks of thrice-weekly therapywith 25 mg spirono-
lactone. A thrice-weekly dose was chosen, as this dose
was considered equivalent to daily dosing in patients
with normal renal function. There was no significant
increase in plasma potassium during the course of ther-
apy, as compared with the baseline value (64). A second
study evaluated 4 weeks of spironolactone 25 mg daily,
and observed a nonsignificant increase in serum potas-
sium, from 4.6 to 4.9 mm. However, four patients had
single potassium levels between 5.5 and 6.0 mm and one
developed frank hyperkalemia (7.6 mm) (65).

The strict enrollment criteria in both studies likely
excluded those patients at highest risk of developing
hyperkalemia. The true risk of hyperkalemia with spir-
onolactone therapy would likely be higher if the drug
were prescribed more liberally in a nonresearch setting.
Moreover, both studies evaluated only short-term
(<1 month) administration of aldosterone. An ongoing
clinical trial is evaluating the effect of chronic (6 months)
spironolactone on serum potassium in hemodialysis
patients (NCT00328809, www.clinicaltrials.gov).

Therapeutic Options for Prevention

The most widely studied therapeutic modality for
long-term prevention of inter-dialytic hyperkalemia is
the mineralocorticoid fludrocortisone. Theoretically,
mineralocorticoids should lower serum potassium by
twomechanisms: (1) augmentation of colonic potassium
excretion, and (2) stimulation of sodium-potassium
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ATPase on the cell membrane to enhance extrarenal
potassium disposal (66). Singhal et al. (66) treated 21
chronic dialysis patients with fludrocortisone, 0.1–0.3
mg daily, for several months. The mean predialysis
potassium concentration decreased significantly from
5.6 to 4.9 mm.A second study by Furuya et al. (67) eval-
uated gradually increasing doses of fludrocortisone
(maximum 0.2 mg daily) over 4 months. The maximum
decrease in serum potassium was observed during the
third month (with 0.15 mg fludrocortisone daily), with a
decrease from 5.57 to 4.89 mm.
In contrast to these promising results, a recent, rand-

omized-controlled trial conducted by Kaisar et al. (68)
observed an insignificant difference in predialysis serum
potassiumbetweendialysispatients receivingfludrocorti-
sone, 0.1 mg daily, compared with those patients in the
control group (4.8 versus 5.2 mm). The lack of potas-
sium-lowering effect in this last studymay have been due
to prescription of a lower dose of mineralocorticoid, as
compared with the maximum dose administered in the
two previous studies (66,67). Furthermore, although this
was the only randomized-controlled trial evaluating the
effect of chronic mineralocorticoids on serum potassium
in hemodialysis patients, it was not placebo controlled,
nor was there any mention of blinding. Furthermore,
although cointervention bias was a possible explanation
for the favorable results of theFuruya (67) study, Singhal
et al. (66) didnot discontinueanymedications thatwould
possibly affect serum-potassium levels [consistent with
the Kaisar (68) study] yet still found a significant decre-
ment in serum potassium with mineralocorticoid ther-
apy. A definitive, randomized, double-blinded, clinical
trial isneeded to settle this important clinicalquestion.
Another possible modality for the reduction of inter-

dialytic potassium is the daily administration of the laxa-
tive, bisacodyl. In one study, hemodialysis patients were
given variable daily doses (5–10 mg daily) to induce an
acceptable level of stool frequency, and serumpotassium
wasmeasured 2–3 times weekly for 2 weeks. The investi-
gators observed a significant decrease in the mean predi-
alysis serum potassium during bisacodyl therapy (from
5.9 to 5.5 mm during treatment), a change that was not
found in healthy controls. Although stool frequency
increased, frank diarrheawas not reported. Importantly,
the patients showed no signs of hypovolemia, and no sig-
nificant changes in blood pressure (systolic and diastolic)
or weight. The authors postulated that bisacodyl stimu-
lates production of cAMP,which in turn activates potas-
sium secretion in the gut (possibly mediated by apical
potassium channels in the gut epithelium) (69). Thus,
bisacodyl is a promising and safe therapy for the chronic
management of hyperkalemia in ESRD, and merits
further investigation.
Another potential therapy for preventing hyperkale-

mia in dialysis patients is the chronic use of the ACE
inhibitor, fosinopril. At first glance, the use of this agent
appears counter-intuitive, given the aforementioned pro-
pensity ofACE inhibitors to induce hyperkalemia.How-
ever, unlike other ACE inhibitors, fosinopril is excreted
by two pathways, renal as well as biliary. Surprisingly,
the authors found a statistically significant drop in aver-
age predialysis potassium levels from 6.7 to 5.5 mm after

4 weeks of drug therapy. The predialysis serum potas-
sium decreased in 20 of 23 patients treated with fosinop-
ril, and subsequently increased after the drug was
discontinued (70). It is possible that fosinopril enhances
potassium secretion through the biliary system, thereby
decreasing the interdialytic serum-potassium levels.
Unfortunately, this study did not compare the effect of
fosinopril to that of a different ACE inhibitor.
Finally, lowering the dialysate sodium concentration

may be helpful in prevention of hyperkalemia in hemo-
dialysis patients. In a randomized, single-blind crossover
trial, reducing the dialysate sodium concentration from
145 to 137 mm (in two different dialysis sessions
approximately 2 weeks apart) blunted the postdialysis
rebound rise in serum potassium, even though dialytic
potassium removal was comparable in both groups.
Serum-potassium concentrations at 2, 24, 48, and
68 hours postdialysis were significantly lower in patients
treated with low sodium dialysate, as compared with the
standard sodium dialysate (4.2 versus 4.7, 4.9 versus 5.7,
5.5 versus 6.3, and 5.7 versus 6.5 mm at 2, 24, 48, and
68 hours postdialysis, respectively). The authors postu-
lated low sodium dialysate reduced postdialysis plasma
osmolality and decreased solvent drag, thereby attenu-
ating potassium shifts out of the cells (71). These results
suggest that a low sodium dialysate has much promise
for the prevention of interdialytic hyperkalemia.
In conclusion, hyperkalemia is a significant problem

among patients with end-stage renal disease. Various
therapeutic options exist for the immediate treatment
of the condition, including insulin with glucose, albu-
terol, and more recently subcutaneous terbutaline.
Ultimately, if levels of hyperkalemia are significant
enough, potassium removal is indicated. The utility of
cation-exchange resins has not been demonstrated
despite its widespread use; dialytic removal of potas-
sium remains the mainstay of therapy. Many options
have been proposed for the prevention of interdialytic
hyperkalemia. However, further work is needed to sort
out the utility of these therapies. Prevention currently
rests largely upon compliance with diet and a thought-
ful use of medication regimens.
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