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ELECTROCARDIOGRAPHIC CHALLENGES
IN PATIENTSWITH POTASSIUM ABNORMALITIES

Carmen GINGHIM?, Citilina UNGUREANU', Aurora - Maria VIADAIA Y,
Roxana ENACHE Bogdan Alexandru POPESE&Ruxandra JURCUT!

Abstract. Potassium, the most abundant intracellular catisrgritically important for
many physiologic processes, including maintenanteetiular membrane potential,
homeostasis of cell volume, and transmission ofomacpotentials in nerve cells.
Therefore, potassium is necessary for the normadtfaning of the muscles, heart, and
nerves. A great number of metabolic disorders cdogd associated with potassium
abnormalities.

Experimental and human studies have demonstratgdsitum potassium imbalance is
followed by progressively severe electrophysiolalgierangements in cardiac impulse
generation and conduction. These electrophysioldgichanges are reflected in
the electrocardiogram (ECG) manifestations, wittedfication that the ECG tracing
reflects more faithfully the potassium extraceliudancentration.

Though laboratory tests are “the gold standard” fdahe diagnosis of potassium
abnormalities, they have the disadvantage of defigethe information with delay. Thus,
the electrocardiogram (ECG) becomes a very usafitiment for diagnosis.

Keywords. cation, hyperkalemia, hypokalemia, electrocardiogrdECG),
repolarization.

1. Introduction

Potassium (K) is the most abundant intracellulationa Almost all (98%)
potassium in the body is found inside the cell$rdicellular) and only about 2%
occurs in the fluids outside of the cells (extradal). The concentration of
potassium is often expressed in units of milliegléwnts per liter (mEqg/l), rather
than in units of millimolarity (mM). Both units meahe same thing when applied
to concentrations of potassium ions. Normally plaspotassium concentration
ranges from: 3.5 — 5.0 mEq/I.

The contribution of potassium to resting membraoiemtial is related to this ratio
of intracellular to extracellular potassium.

The mild to moderate changes in plasma potassilue \zae relatively poor
associated with ECG tracing (10 - 30%), while theese abnormalities have
more specific ECG expression (90%).
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The specific ECG changes caused by electrolytelamba are usually reversible
and their development and regression follow a jgtable course.

Hyperkalemia

Hyperkalemia is a common electrolyte disorder watitentially life-threatening
consequences. Hyperkalemia is often silent, coeltbiosuddenly, and leads to
cardiac arrhythmias and potentially to death [1].

In the general outpatient population, the incideisceelatively low and not well
reported. In hospitalized patients, incidence ranfflem 1% to 10%, with a
mortality rate of 1 per 1000 patients [2, 3].

A value of plasma potassium between: 5.5 - 6.5 ineéfiécts mild hyperkalemia,
moderate hyperkalemia for a range of 6.5 - 8 maud severe hyperkalemia over
8 mEq/I.

The incidence of hyperkalemia in the general pdmrahas been reported in less
than 5% of people. The most common causes are suotasshift from the
intracellular to the extracellular space, impaisedretion due to renal failure, or
medications, with most patients having multipleoleies. Risk factors include
advanced age, significant prematurity, and thegmes of renal failure, diabetes
mellitus, and heart failure. Additionally, one ssridocumented an increased
incidence of hyperkalemia with cancer and gastesiimal disease [4].
Polypharmacy, particularly the use of potassiumplments and potassium-
sparing diuretics, in patients with underlying remesufficiency contributed to
hyperkalemia in almost one half of the cases.

Because hyperkalemia can lead to life-threatenimgliac arrhythmias, prompt
recognition and diagnosis are crucial. Patients wgevere hyperkalemia could
present with generalized weakness, paralysis, #mmigs, or sudden cardiac
arrest.

The most prominent effect of hyperkalemia is onrthycardium. The generation
of a resting membrane potential is crucial for @@dmyocyte contraction.
Movement of potassium into the intracellular space the sodium-potassium
adenosine triphosphatase pump is responsible éort0 mV resting membrane
potential. As the extracellular potassium conceiatnancreases, the concentration
gradient across the myocyte cell membrane decreasestually leading to a
slowing of myocardial functioning [5].

Electrocardiographic (ECG) findings could provideet first evidence of
hyperkalemia, but there are studies which show dhatrrect ECG diagnosis can
usually be made when plasma potassium concentsagivceed 6.7 mEqg/I [6]In
contrast, Tarail [7] found that patients with remaufficiency did not consistently
have ECG changes typical of hyperkalemia until teerum potassium
concentration exceeded 7.6 mEqg/Il. It has been |adstuthat levels of potassium
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greater than 8 mEqg/L are almost always associatéd the classic ECG
manifestations [8].

The relationship between the degree of hyperkaleamd the ECG changes,
however, is variable, and in rare cases of sewgrerkalemia the ECG may even

be normal or near normaBriefly, in mild hyperkalemia T waves changes accu
(because of the acceleration of terminal repoltiang than in mild-to-moderate
where PR interval is frequently prolonged and QR&mex is wide. In clinical
practice it was noticed that ECG changes for nmld enoderate hyperkalemia are
known, while severe hyperkalemia is often sourcerodr.

Further, we present some ECG aspects related smptec potassium (Kp)
concentration.

When the plasma K concentration exceeds approxiynate meg/l, the T waves
become tall, symmetric, narroand peaked, tented as if pinched from above
because of the faster repolarization of the cardddion potential; usually they are
best seen in leads I, lll, V2 and \(€ase |). The P waves and QRS complexes
are normal. The QT interval is shortened at thagest associated with decreased
action potential duration.

Casel.
Electrocardiograms of a 57-year-old
male with dilated cardiomyopathy
treated with spironolactone.

(1) Plasma K concentration (Kp) is
6.1 mEqg/l. There is a regular rhythm at a
rate of 60 beats/min, T waves are tall,
narrow and pointed in leads V2 - V4.

(2) After treatment, Kp is 4.2 mEq/l.
e Note that T waves are lower in leads

V2 - V3, and biphasic in lead V4;

U wave is seen too.
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Hyperkalemia cannot be diagnosed with certaintyhenbasis of T wave changes
alone. Braun et al. found that the characteristic steep, narrow and pointed T
waves were present in only 22 percent of patiertis fyperkalemia [9] and so, it

is necessary to make the difference with hyperaaieemic changes (where T
waves are symmetric, broad-based, not tented, siatqal; the QT interval tends
to be long) or a normal variant (where T wavesasgmmetric and not narrow,
frequently associated with sinus bradycardi@psel 1.

Progressive extracellular hyperkalemia reducesala@nd ventricular resting

membrane potentials, thereby inactivating sodiunanaels, which decreases
Vmax and conduction velocity.

When the plasma K concentration exceeds 7 mEq/MRE complex begins to

widen, P wave amplitude decreases, and the durafidhe P wave increases
because of the slower conduction in the atria. PReinterval prolongation can

occur, followed sometimes by second or third — degkV block.

P-ORS-Taxes 69,9244

Name: HR. 70
Age: Sex | PRIn:176 ARS Dur, 82 QT/QTe: 3887409

Casell.
Electrocardiogram of a 30-year-

HIMW‘WMV\JM old male, sportsman, complai-ning

of pricking chest pain. Plasma K
HJL/L‘J concentration is normal. There is a
Il

L/LJJ“\V Iy M Y regular sinus rhythm at a rate of
70 beats/min and signs of early
repolarization.

I L\-A [V | 3
x10 | 05-150Hz25 mmis | Comments: 00000022 SPK112263774

Characteristically, the uniformly wide QRS compldxe to hyperkalemia differs
from the ECG pattern of bundle branch block or pecéation because widening
affects both the initial and terminal portions bEtQRS complex. The wide S
wave in the left precordial leads sometimes heliierdntiate the pattern of
hyperkalemia from that of typical left bundle branalock (LBBB), whereas the
wide initial portion of the QRS complex may heldfelientiate the pattern of
hyperkalemia from that of typical right bundle becarblock (RBBB) .

When the plasma K concentration exceeds 8 mEgd, Rhwave frequently
becomes invisibleGase I 11).
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Caselll.
Electrocardiograms of a 65-year-old
woman with hypertension, diabetes

mellitus and heart failure:

H

(1) Kp is 8.1 mEg/l; the rhythm is regular,
at a rate of 21 beats/min, P waves are
absent; the QRS duration is 160 ms.

b napEE
T

o
n

5 2 Eee | 1 . o (2) After treatment of hyperkalemia
e . w  (Kpis 4.83 mEg/l) there is a sinus rhythm
= ‘ e - 7 atarate of 64 beats/min,
T wave is inverted in leads |, II, Ill, aVF —
maybe “memory T waves".
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A regular rhythm in the absence of P waves has b#ghuted to sinoventricular
conduction via atrionodal tracts in the presencatoél (SA) block [10, 11]. Also,
a regular rhythm in the absence of P waves carabsed by displacement of the
pacemaker into the atrioventricular (AV) junctiom the Purkinje fibers, but
precise localization of the pacemaker in patienth &bsent P waves is usually
not possible.

Sometimes in patients with advanced hyperkalemea $fi segment deviates
appreciably from baseline and simulates the “adufary* pattern, which
resembles the pattern of acute myocardial isché@ase |V). Deviation of the
ST segment or a monophasic pattern can be readoguped by topical
application of K on the ventricular surface or atracoronary KCl injection [12].

CaselV.
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Electrocardiogram of a 68-year-old man
with hypertension, diabetes mellitus
and chronic renal failure, hospitalized
with acute pulmonary edema. The
plasma K concentration is 10.7 mEg/l.
The rhythm is irregular at a rate of
52 beats/min; the QRS complex is
wide; there is marked diffuse ST
segment elevation in leads |, Il

This type of ST abnormality in patients with hypadmia rapidly disappears
accompanying the regression of potassium conceriravith hemodialysis.
The ST-segment deviation probably is caused by oimioigenous depolarization
in different portions of the myocardium. Accorditaythis hypothesis, a voltage
gradient is created between normal myocardial catid those depolarized by
potassium, resulting in current flow between theeggons. Since dialysis rapidly
normalizes the ST-segment elevation, it is alsorknas thalialyzable current of
injury [13] (Case V).

“| EMEDU

bl e I T T AN CaseV.
EH‘““ i ’HLL\ \_lhr{k\f \/_‘V\'—Wl’ \“ / \__-‘ V.\l‘i \'-\-’ \\.y \\‘\ \‘:

Electrocardiogram of 83-year-
old male with hypertension,
L re e hospitalized for increased
e ¥ “‘;‘ e S fatigue. The serum potassium

level is 9.3 mEqg/l. The tracing
shows the absence of P waves
and wide QRS complexes,
with bizarre aspect. After
hemodialysis the ECG trace
chanced to normal
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When the plasma K concentration exceeds about If)lirtRe ventricular rhythm

may become irregular owing to the simultaneousviygtiof several escape
pacemakers in the depressed myocardium. The cotidnirat an irregular rhythm

and an absent P wave may simulate atrial fibrdtatin patients with preexisting
atrial fibrillation and hyperkalemia, the ventriaulate is usually slow.

An increase in the plasma K concentration to aldd®e 14 mEq/l causes the final
changes: a sine-wave pattern, in which the widegpB& complex merges with
the T wave. This is followed by ventricular asystot ventricular fibrillation. The

latter may or may not be preceded by acceleratigheoventricular rate [14]. The
danger in the majority of hyperkalemia cases isliear dysrhythmia. Although
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there are many previous reports addressing thisaténing problem and
associated therapeutic maneuvers, there have mwt fm@any previous reports
citing the fatal concentration of hyperkalemia spective of the causes. However,
it is uniformly accepted that a‘Kconcentration greater than 10 mEqg/l is fatal
unless urgent treatment is instituted.

However, even severe hyperkalemia can be assocwitbdatypical or non-
diagnostic ECG findings [15]. These include arrimyids, depression or elevation
of ST segment, decrease in the height of the R wdtbethe development of deep
S waves, and QRS axis shift to the left or righindie branch blocks, and sino-
atrial exit blocks. Some case reports in the liteeadescribe patients with severe
hyperkalemia who present with a normal ECG resuleft ventricular
hypertrophy, intraventricular conduction defectsad amyocardial ischemia all
mask ECG manifestations of hyperkalemia. Aciddsypoxia, hyponatremia, and
hypocalcemia may increase myocardial sensitivityhhygperkalemia, whereas
hypernatremia and hypercalcemia may minimize omiekte the effect of
hyperkalemia on the hearAslam et al. showed an inverse correlation between
serum calcium and the height of the T wave andutetstd that the lack of ECG
changes of hyperkalemia could partly be due totdlatons in serum calcium
concentration [16].

Sometimes, in the same patient it can be notedeamdd of ECG changes
(Case VI).

Case VI .
Electrocardiograms of a 63-year-
old, with dilated cardiomyopathy,
LBBB, chronic renal insufficiency,
treated with sotalol, is admitted
with palpitations.

(1) The plasma K concentration is
6.5 mEq/l. The rhythm is irregular
at a rate of 64 beats/min; P waves
| ‘ are absent; QRS complex is wide
Sl e L LT TP L D L and its duration is 180 ms; T
| ' ‘ waves are tall, symmetric and
narrow.
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(2) Two hours later the ECG
monitoring  records non -
sustained ventricular tachycardia.

B ey Bt e e (3) The treatment with sotalol is

/ stopped and after treatment of
hyperkalemia the ECG tracing is:
sinus rhythm, at a rate of 72
| beats/min, the PR interval is 140
i ms and LBBB.

No evidence exists indicating at which serum patassvalue life-saving
therapies should be administered. Calcium infustba, first step in emergency
management, stabilizes cardiac myocyte membrarezauBe of the unpredictable
nature of cardiac arrhythmias, calcium infusion wtdobe administered if any
ECG change suggests hyperkalemia. Patients withG@& changes but who are at
high risk for developing arrhythmias (eg, thosehwipidly increasing potassium
levels or coexisting electrolyte disorders) mighenéfit from prophylactic
administration of calcium. If ECG changes are pmgsedministration of
intravenous calciumshould normalize the ECG patternsisulin is a well-
established therapy that rapidly decreases serutasgiom concentrations by
inducing intracellular shift.

When administered intravenously, or by a nebulwanetered-dose inhaldyeta-
agonists decrease plasma potassium leve@ation exchange resinsind
potassium in the gastrointestinal tract and enhafeoal elimination. It is
important to correct metabolic acidosis wabdium bicarbonateHemodialysis
can rapidly remove large amounts of potassium arida treatment of choice for
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patients with life-threatening hyperkalemia that isfractory to medical
management.

Lethal hyperkalemia results predominantly from tefaure and occasionally
from an error in the amount of K administrated amgnously. The effect of
intravenously administrated K depends on the r&tadministration rather than
the absolute amount of K given [4, 17].

A particular aspect is about giving much attentioactitious hyperkalemia (part
of the differential diagnosis) which occurs whea thboratory potassium value is
higher than the actual plasma potassium valuenidst common cause is lysis of
red blood cells due to specimen handling or cabtbectrrors. Hematological
abnormalities, such as leukocytosis, thrombocytasisl polycythemia, can also
cause factitious hyperkalemia by increasing caljjifity [18]. When faced with an
elevated potassium value of uncertain significattoe,physician should consider
the patient’s risk factors for hyperkalemia. A bist of renal disease, obstructive
uropathy, clinical features of weakness or myopa#imgl use of medications that
increase potassium (eg, angiotensin-converting raezy{ACE] inhibitors,
angiotensin receptor blockers [ARBs], aldosteron@agonists, nonsteroidal anti-
inflammatory drugs [NSAIDs], potassium supplemerttémethoprim) should
prompt concern. To help differentiate a factitiéuesn a true value, the potassium
level should be retested, with care taken to ensnirdmal trauma, optimal
storage conditions, and rapid analysis. If theguatis at considerable risk for
hyperkalemia, an ECG test is warranted. To assesgidus hyperkalemia due to
increased cell fragility, additional samples ofusarand plasma potassium should
be taken using a heparinized tube. A discrepancynafe than 0.3mEg/l will
secure the diagnosis [19].

Hypokalemia

Hypokalemia, defined as a serum potassium condentrigss tha®.5 mEq/l, is a
common and potentially serious electrolgisorder.

The estimated incidence of hypokalemia in hospiapatients is 20%, while the
incidence of severe hypokalemdefined as < 3.0 mEqg/l, is approximately 5%
[20]. Low serum (or plasma) concentrati@figotassium may occur in up to 40%
of outpatients treated withiazide diuretics. Of elderly patients, 5% demuoatst
potassium levels lower than 3 mEg/I

Causes oiypokalaemia can be divided in either true potassigpletionmostly
caused by renal or gastrointestinal losses, antiifa f potassium from the
extracellular into the intracellular compartmenieTelectrophysiological changes
associated with hypokalemia, in contrast, inclugeenpolarization of myocardial
cell membranes and increased action potential idarat
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Because the duration of mechanical systole doeshanige during hypokalemia,
one can best describe the pattern of hypokaleme gmdual shift of the major
repolarization wave from systole into diastole.

In most circumstances, mild hypokalemia (plasma][B® to 3.5 mEg/l) causes
no symptoms. The major disturbances seen with neeeere potassium
deficiency result from changes in cardiovasculaguromuscular, and renal
function. Cardiac toxicity may be manifested byi@es arrhythmias, which occur,
as we said, because hyperpolarization of the mywdarell membrane leads to a
prolonged refractory period and increased susdéptito reentrant arrhythmias.
The ECG diagnosis of hypokalemia is usually basedlinormalities of the ST
segment, T wave, and U wave. The major ECG maatiests are ST depression
with flattened T waves and increased U wave pronmiaeCase VII). The U
waves can exceed the amplitude of T waves.

e i fisibi G Y e R e

i e J

SN 2 Vi

e ! CaseVII.
| L 4 Electrocardiogram of a 19-year
e e b RYJL/R#J{/K J——J-. - old woman with, treated with
1 j indapamide.

i i e B
et w | ,’r I \f The plasma K concentration is
2.4 mEqg/l. Sinus rhythms is
‘ i present at a rate 62 beats/min,

e L /\~AJV/\-"V the amplitude of T wave is
| j | decreased in all precordial
- r“***lﬁ\w Iﬁx‘AJP leads and U wave is present.

Note: T wave inversion in Il

iy L JL/J L J!r- with U wave upright (arrows).

L V«AJ{\W:\/L,_M R

In an attempt to evaluate the pattern of hypokademuiantitatively, Surawicz et al.
considered the following three ECG features:

(1) depression of the ST segment0.5 mm,;

(2) U wave amplitude > 1 mm;

(3) U wave amplitude greater than the T wave amghditin the same lead [2].

The ECG was considered to bgpical of hypokalemia” if three or more of
above feature were present in two leads; it wassidered“compatible with
hypokalemid if two of the above features or one related te th wave were
present. In clinical practice, when the plasma Koamtration was < 2.7 mEqg/l the
ECG was “typical” in the 78 percent and “compatible 11 percent of all
patients. When the plasma K concentration was 3.0 ‘mEqg/l the ECG was
“typical” in 35 percent and “compatible with hypd&mia” in 35 percent of
patients.



Electrocardiographic Challenges in Patients witteBsium Abnormalities 69

2 - agonist therapy in patients with chronic obsiMe pulmonary diseases
(COPD) was associated with significant increaselseart rate and reductions in
potassium concentrations, which are known to bencomsystemic effects ¢
adrenergic stimulation. In patients with obstruetiairway disease, serum
potassium levels could be decreased further wighube of corticosteroids and
diuretics, and the cardiac effects of hypokalem@uld be aggravated by
underlying hypoxemia(Case V111).

mmict WA A T B e Case VI

bl s ik i AR MM w/vhﬂffl;m\ﬁ\v\r/\}«-\ A \ My i M/I” Electrocardiograms of a 55-year-
i FH b dng| AT ' | old male with hypertension and
i yeR ] (]

1B R Rias B mapa i o Ll J chronic obstructive pulmonary
i b e diseasg(COPD), hospitalized for
(T one episode of lipothymia.
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AREREREE T ! ~is 1.85 mEqg/l. The sinus rhythm
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o S Al i s present at a rate of 120
beats/min, diffuse ST segment
depression and T and U waves
(arrow) are fused, the U wave
amplitude exceeding the T wave
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| Lo | (2) After treatment of  hypoka-
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In the presence of a left ventricular hypertroplagtgrn, the U wave amplitude is
frequently increased (as part of the overall amgétincreases). Digitalis usually
causes a more distinct separation of the T waven ftbe U wave than

hypokalemia, because digitalis shortens the QTvateThe U wave amplitude is
also increased during bradycardia.

When hypokalemia is advanced, both the amplitud® duration of the QRS

interval are increased. The QRS complex is widediffdisely. The increased

duration of the QRS is the result of widening witha change in shape, which
suggests that it is caused by slower intraven@iicabnduction without changes in
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the depolarization sequence. The amplitude andtidareof the P wave in
hypokalemia is usually increased, and the PR iateig often slightly or
moderately prolonged.

The hypokalemia promotes the appearance of sugraxdar and ventricular
ectopic complexes. Similar to digitalis, hypokalammcreases sensitivity to vagal
stimulation.

In patients with severe hypokalemia, serious veular tachyarrhytmias including
ventricular tachycardia, torsade de pointes, andricelar fibrillation have been
reported in the absence of heart disease or dipeahpy Case | X).

ikl A i CaselX.
T . Electrocardiograms of a 68-year-old

i male with  hypertension, diabetes
s\/\(‘\‘(“\r\ufﬂw‘;ﬁf\‘,ﬁ/\ mellitus, and prior inferior myocardial

v
| i I v

! i ! infarction hospitalized after two weeks
L e e from an acute anterior myocardial
| eV !l P I /" infarction with episodesof non-sustained

V ventricular tachycardia.
/‘\‘/?\ "//\‘\‘\/’—v\\/ /«,_u,\,j /’ //\\“\Lj H“mva\\v‘ Jani [—s“ /\\ j /\s
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W (1) The plasma K concentration is
qLL \M f“f””“vﬁm\fﬂm\fwfmfﬂ/ 1,3 mEq/I.. The ECG _ tracing shows
e polymorphic non-sustained ventricular

Ty v Ll ey T tachycardia.
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(2) After treatment of hypokalemia
Sy T e . ventricular tachycardia is no longer
“ present.
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Hypokalemia is frequently present in patients wattute myocardial infarction
[21, 22] or after resuscitation from out-of-hospitantricular fibrillation possibly
due to treatment with thiazide diuretics or admmaison of sodium bicarbonate
during resuscitation.

In treating hypokalemia, the first step is to idignand stop ongoing losses of
potassium; repletion of potassium losses is therséstep. The next steps are:
monitor for toxicity of hypokalemia and determirteetunderlying cause to treat
and prevent further episodes
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The potassium deficttan be treated with oral or intravengagassium suppletion
and/or a potassium-sparing diuretic. Unfortunatetypplemental potassium
administration is alsthe most common cause of severe hyperkalemia ianst
who are hospitalized, and this risk must be kept indniwhenone is initiating
treatment. The risk is greatest with the adminigtreof intravenous potassium,
which should be avoided if possibWhen potassium is given intravenously, the
rate should be nmore than 20 mmol per hour, and the patient's aarchythm
should be monitored. Oral potassium is safer, tmEgootassiunenters the
circulation more slowly.

In conclusion, though frequently included in secyd chapters (“varia”,
“miscellaneous”, etc), the potassium abnormaliies a very important subject.
The specific electrocardiographic changes causetnbwlance are attributed to
the effect of the altered concentration of iongttma transmembrane potentials of
cardiac cells. The accuracy of the ECG diagnosmawves when the interpreter is
alert to the possibility of an electrolyte imbalanavhen control tracing are
available for comparison and when the patientlisviced with serial tracings.
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