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Although amiodarone is considered the most effective antiarrhythmic agent, its use is limited by a wide
variety of potential toxicities. The purpose of this review is to provide a comprehensive “bench to bed-
side” overview of the ways amiodarone influences thyroid function. We performed a systematic search of
MEDLINE to identify peer-reviewed clinical trials, randomized controlled trials, meta-analyses, and other
clinically relevant studies. The search was limited to English-language reports published between 1950
and 2017. Amiodarone was searched using the terms adverse effects, hypothyroidism, myxedema, hyper-
thyroidism, thyroid storm, atrial fibrillation, ventricular arrhythmia, and electrical storm. Google and Google
scholar as well as bibliographies of identified articles were reviewed for additional references. We in-
cluded 163 germane references in this review. Because amiodarone is one of the most frequently pre-
scribed antiarrhythmic drugs in the United States, the mechanistic, diagnostic and therapeutic informa-

tion provided is relevant for practicing clinicians in a wide range of medical specialties.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Amiodarone was originally synthesized in 1962 in the phar-
macological laboratory of Labaz in Belgium as an antianginal
agent [1,2]. It was widely prescribed for angina in Europe and by
chance found to suppress arrhythmias. Argentine investigators be-
gan using amiodarone to treat resistant arrhythmias in the 1970s
[1,3,4]. United States physicians initially obtained amiodarone from
Canada [5], Argentina [4,6] and Europe [1]. Under threat of non-
shipment from Europe, the US Food and Drug Administration ap-
proved amiodarone in 1985 for use in life-threatening ventricular
tachyarrythmias when other drugs were ineffective or poorly toler-
ated [1,7].

Intravenously administered amiodarone significantly improves
the number of patients presenting with out-of-hospital cardiac ar-
rests that make it to the hospital and has been shown to be supe-
rior to intravenous lidocaine in patients with out-of-hospital and
in-hospital cardiac arrest [2,8,9]. The combination of amiodarone
and beta blockade is the treatment of choice for electrical storm
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(VT or VF occurring 2 or more times in 24 h, usually requiring
electrical cardioversion or defibrillation) [1,10]. Intravenous amio-
darone may also be used to terminate stable monomorphic VT al-
though some evidence suggests that procainamide may be more
effective [11,12]. The 2017 AHA/ACC/HRS Guideline for Management
of Patients With Ventricular Arrhythmias and the Prevention of
Sudden Cardiac Death assigns amiodarone a Class IIb indication for
acute management of hemodynamically stable VT [12].

Although implantable cardioverter defibrillators (ICDs) are su-
perior to amiodarone in reducing total mortality in patients at risk
for sudden cardiac death (amiodarone’s effects are neutral), fre-
quent shocks result in physical and emotional trauma and may
increase the risk of death in some patients [1,13-15]. Oral amio-
darone reduces shocks from ICDs and is the most commonly pre-
scribed antiarrhythmic drug among ICD recipients at hospital dis-
charge [16].

Although not approved by the Food and Drug Administration
for this indication, amiodarone is also the most commonly pre-
scribed antiarrhythmic drug for atrial fibrillation (AF) [17]. AF and
atrial flutter occur in 40-60% of patients after cardiac surgery. A
meta-analysis provided evidence that amiodarone prophylaxis de-
creases the occurrence of AF, ventricular tacyarrhythmias, stroke
and length of stay after cardiac surgery [18]. While the data for
perioperative amiodarone in cardiac surgery is compelling; how-
ever, incremental benefit beyond B-blockade alone remains un-
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Table 1
Clinical use of amiodarone.
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Rhythm Clinical scenario Efficacy/indications
AF Chemical cardioversion Limited efficacy
AF Maintain sinus rhythm More effective than other antiarrhythmic drugs
AF Rate control IV indicated for acute rate control when other measures are unsuccessful or
contraindicated
Oral amiodarone is not appropriate first-line therapy for chronic rate control
AF AF and CHF Does not exacerbate CHF; appropriate first-line AF therapy only in symptomatic patients
with left ventricular dysfunction and CHF
AF AF and Wolff-Parkinson-White Use of intravenous amiodarone is limited by its relatively slow onset of action
Syndrome Intravenous amiodarone may enhance conduction over the accessory pathway and increase
the risk of life-threatening ventricular arrhythmia [161]
Prevention with oral amiodarone may be considered when other options are exhausted
AF AF and HCM Amiodarone is viewed as the most effective antiarrhythmic drug for preventing AF

Atrial Flutter

Isthmus dependent

recurrences
Ablation is more effective first-line treatment
Treating underlying cause preferable; may help restore sinus rhythm

Catheter ablation or less toxic drugs are treatments of choice

Intravenous amiodarone is useful in acute management

Amiodarone plus S-blockers more effective than sotalol or B-blockers alone in prevention
of shocks

Intravenous amiodarone is more effective than lidocaine for out-of-hospital VF resistant to
shocks and epinephrine.

Patients who receive a combination of amiodarone and a S-blocker have the best
outcomes

May decrease AF/flutter, ventricular tachyarrhythmias, stroke, and length of stay

Multifocal atrial Hypoxemia
tachycardia
PSVT Recurrent
VT Hemodynamically stable
VT Frequent ICD Shocks
VF Cardiac Arrest
VT/VF Electrical storm
AF/Flutter Perioperative cardiovascular
Frequent ventricular CRT
ectopy

Suppression may facilitate biventricular pacing®

AF: atrial fibrillation.

VT: ventricular tachycardia.

VF: ventricular fibrillation.

PSVT: paroxysmal supraventricular tachycardia.
CHF: congestive heart failure.

HCM: hypertrophic cardiomyopathy.

ICD: implantable cardioverter defibrillator.
CRT: cardiac resynchronization therapy.

2 Optimal response to CRT (the greatest reduction in mortality occurs when biventricular pacing is achieved in >98% of all ventricular beats).

clear [1]. Amiodarone is the most effective agent for long-term
maintenance of sinus rhythm in patients with paroxysmal and per-
sistent AF and is considered first line pharmacotherapy for patients
with heart failure and symptomatic AF [1,2,19]. A recent multicen-
ter randomized study demonstrated that catheter ablation of AF is
superior to amiodarone in achieving freedom from AF at long-term
follow-up as well as reducing unplanned hospitalization and mor-
tality in patients with heart failure and persistent AF. Catheter ab-
lation appears to be the treatment of choice for this patient group
[20].

Thus, more than 50 years since amiodarone was developed and
about 30 years from the date the US Food and Drug Administration
approved its use, amiodarone is still considered the most effective
antiarrhythmic drug (Table 1) and is one of the most frequently
prescribed specific antiarrhythmic drugs in the United States [1,21].
Unfortunately, amiodarone has numerous side effects (Table 2) that
may involve the skin, eyes, lungs, liver, central and peripheral ner-
vous system.

The thyroid gland may also be adversely affected by amio-
darone. The drug is an iodine-rich compound (37.3% of its molec-
ular weight) [22] with some structural similarity to thyroid hor-
mone. Even low dose oral therapy (200 mg daily) can elevate daily
iodine intake by 50-100 times [23,24]. Older estimates have sug-
gested that the overall incidence of amiodarone-induced thyroid
dysfunction ranges from 2 to 24% [25,26]. More recent reviews of
the literature noted that hypothyroidism occurs in 5-10% and hy-
perthyroidism afflicts approximately 0.9-10% of amiodarone recip-
ients [1,27]. These differences may reflect the evolution of more
conservative dosing regimens employed over time. A meta-analysis
suggested that when lower amiodarone doses (152-330 mg daily)
were used, the incidence of thyroid dysfunction was 3.7% [28].

Table 2
Amiodarone toxicity [1,162,163].

Adverse effect Prevalence and/or annual incidence

Corneal microdeposits > 90%
Optic neuropathy/neuritis < 1%-2%
Hypothyroidism 5%—10%

Hyperthyroidism 0.9%—10%
Photosensitivity 25%—75%
Blue-gray skin discoloration 4%—9%

Pulmonary toxicity 1%—17%
Elevated liver enzyme levels 15%—30%
Hepatitis and cirrhosis < 3%; 0.6%[yr.
Tremor and ataxia 3%—35%
Peripheral neuropathy 0.3%[yr.
Bradycardia and AV block 3%—5%
Torsades de Pointes < 1%
Hypotension (IV formulation)  15-26%

Insomnia, memory disturbances and delirium have also been reported.

This treatise will focus on amiodarone-induced thyroid disease.
A discussion of the drug’'s unique pharmacokinetics, diagnostic
surveillance techniques, pathophysiology of thyroid involvement,
treatment modalities and clinical outcomes are included.

Pharmacokinetics

The oral bioavailability of amiodarone varies between 22 and
86% (averages about 50%) [29]. Its large volume of distribution
(66L/kg) delays the onset of action (2 days to 3 weeks for oral
therapy) and results in a long elimination half-life [1,30]. A 50%
reduction in serum concentration is seen 3-10 days after ces-
sation of chronic therapy and is followed by a longer terminal



R.G. Trohman et al./Trends in Cardiovascular Medicine 29 (2019) 285-295 287

half-life of 13-142 days as tissue stores slowly deplete [1,29,30].
While amiodarone accumulates in adipose tissue, liver, lung, mus-
cle, and the thyroid gland, it is mostly metabolized by the hepatic
cytochrome P4503A (CYP3A). Amiodarone’s active metabolite N-
desethylamiodarone (DEA),) has an even longer half-life. Most pa-
tients will have approximately equivalent concentrations of amio-
darone and DEA at steady state, although DEA levels may exceed
those of the parent drug [29,31,32]. The “therapeutic” serum range
for amiodarone and DEA is 0.5-2.5 ng/mL, respectively [1] however,
serum levels do not correlate well with efficacy or adverse effects
[1,29,32].

The inhibitory and inactivation effects on cytochrome P450
provide insight into amiodarone’s interaction with other drugs.
Amiodarone inactivates CYP3A4, while desethylamiodarone inacti-
vates CYP1A1, CYP1A2, CYP2B6, and CYP2D6. Amiodarone weakly
inhibits CYP2C9, CYP2D6, and CYP3A4-mediated activities. De-
sethylamiodarone competitively inhibits the catalytic activities
of CYP2D6 and noncompetitively inhibits CYP2A6, CYP2B6, and
CYP3A4. The catalytic activities of CYP1A1, CYP1A2, CYP2C9, and
CYP2C19 are also inhibited by desethylamiodarone. The inhibitory
effects of desethylamiodarone on each CYP activity are stronger
than amiodarone [33]. Amiodarone and DEA are also potent in-
hibitors of P-glycoprotein-mediated transport [34].

Effects of amiodarone on thyroid hormone economy

Patients on amiodarone exhibit alterations in serum TSH, thy-
roxine (T4) and 3,5,3-triiodothyronine (T3) concentrations. Most
commonly there is decreased serum T3, increased serum T4 and re-
verse T3 levels while serum thyrotropin (TSH) is normal or mildly
elevated. Early (dose-and time-dependent) elevations in serum TSH
usually return to normal within a few months (Table 3) [23,32].
The high iodine content in amiodarone, while central, is insuffi-
cient to explain the entire spectrum of thyroid-related abnormal-
ities seen in patients started on this drug. Amiodarone’s effects
on thyroid function can be divided into those effects that are in-
trinsic drug properties and those effects that are due to iodine
[35,36]. The effects of amiodarone on thyroid hormone economy
are, at least, partially due to interference with the iodothyronine
deiodinases, which metabolize thyroid hormones [37]. These are
thioredoxin-fold like containing selenoenzymes that can activate
outer ring deiodination (ORD) or inactivate inner ring deiodination
(IRD) thyroid hormone via sequential removal of iodine atoms [38].
For example, T4 can be activated to T3 via ORD; T4 and T3 can be
inactivated by IRD to rT3 and T2, respectively. The type 1 deiodi-
nase (D1) catalyzes both ORD and IRD whereas the type 2 deiodi-
nase (D2) catalyzes ORD only [39]. D2 is thought to be the major
source of plasma T3 in humans and also plays a critical role as a
source of intracellular T3 in a number of cell types. Lastly, type
3 deiodinase (D3) is restricted to IRD and terminates thyroid hor-
mone action in the brain, placenta and fetal tissues [40].

Multiple studies indicate that D1 activity is decreased in tis-
sue homogenates of animals treated with amiodarone, in a dose-
dependent fashion [23,41-48]. Similar observations have been
made in cultured cells exposed to amiodarone [41]. It has been
proposed that amiodarone and/or DEA inhibit Dldirectly via a

Table 3
Effects of amiodarone on euthyroid subjects.

competitive mechanism [49], which is supported by the observa-
tion that D1 mRNA levels are not affected by amiodarone treat-
ment [50]. D1 inhibition may persist for several months after
amiodarone therapy is discontinued. More is known about the ef-
fects of amiodarone/DEA on D2 activity. Earlier studies had shown
that amiodarone is a weak D2 inhibitor [51,52]. More recent stud-
ies using animal models and cultured cells confirmed amiodarone
as a weak noncompetitive inhibitor of D1 and D2, while show-
ing that its metabolite, DEA, strongly inhibits both enzymes via a
similar mechanism. Thus, for amiodarone to exhibit significant in-
hibitory effects on deiodinase activity it must be added to live cells
or injected in live animals, allowing for its conversion to DEA. It is
currently not known whether amiodarone/DEA interfere with D3
activity.

Given the fundamental role played by D2 in determining the
plasma levels of TSH [53] and TSH releasing hormone (TRH)
[54] secretion, as well as plasma T3 [55], it is expected that
amiodarone/DEA-mediated D2 inhibition explains a substantial
component of these drugs’ effect on thyroid economy. Indeed,
patients and experimental animals that have been placed on amio-
darone tend to have a transient elevation in serum T4 and TSH
concentrations that lasts for several months [56-58]. This would
be unexpected given that T4 acts in a negative feedback loop, via
D2 in the pituitary and hypothalamus, to decrease TSH and TRH
production, respectively. However, a similar phenotype is also ob-
served in the D2 knockout mouse (D2KO) [59]. It is also compatible
with inhibition of D2 in the hypothalamic median eminence tany-
cytes and/or pituitary thyrotropes by amiodarone and/or DEA. By
inhibiting D2 activity, amiodarone weakens the T4-mediated feed-
back at the pituitary gland, thus elevating plasma TSH. TRH expres-
sion does not seem to be involved in this mechanism.

Cardiac expression of deiodinases modulates thyroid hormone
signaling

Some of the cardiovascular effects of amiodarone/DEA have
been attributed to their ability to decrease thyroid hormone sig-
naling in the myocardium, resulting in less thyroid hormone action
[60]. The chemical structures of amiodarone and DEA are very sim-
ilar to T3, and both have been shown to inhibit thyroid hormone
transport across the plasma membrane [61], and/or direct binding
to the thyroid hormone receptors, TR and TR [62,63] and possi-
bly even TR-dependent gene transcription [64].

The healthy human (but not rodent) myocardium expresses D2
and thus is capable of generating T3 inside the muscle fiber. Lo-
cally generated T3 combines with the T3 incoming from plasma to
strengthen local thyroid hormone signaling. In fact, inhibition of T,
deiodination to T3 has been proposed as a contributory mechanism
to the antiarrhythmic efficacy of amiodarone [1].

To better understand the role played by D2 in the myocardium,
a transgenic mouse was created that expresses the human D2 gene
in the myocardium under the «-myosin heavy chain («¢-MHC) pro-
moter [65]. This mouse has normal thyroid function tests but ex-
hibits a discrete increase in myocardial T3 content and a gene
expression profile compatible with increased thyroid hormone sig-
naling, i.e. increased mRNA levels of HCN2 (an ionic channel that

Thyroid hormone Acute effects <3 mos.

Chronic effects >3 mos.

Total and free T4 1 50% Remains 1 20-40% of baseline

T3 J 15-20% remains in low-normal range Remains | 20%. Remains in low-normal range
T3 1 200% Remains 1 150%

TSH 1 20-50%, transient, generally remains <20 mU/L Normal

Reproduced from reference 35 with permission.
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is key to the cardiac pacemaker) and decreased mRNA levels of §-
MHC [66]. In perfused ex vivo studies, the «-MHC-D2 heart has
about a 20% higher heart rate and decreased levels of phospho-
creatine and ADP, indicating accelerated metabolic rates. This is
supported by in vivo studies in which glucose uptake is increased
by about 2.5-fold in the o-MHC-D2 heart [65]. These “thyrotoxic”
effects are associated with an increased capacity of the a-MHC-
D2 heart to generate cAMP in response to catecholamine stimu-
lation [66]. Cardiac-specific increase in thyroid hormone signaling
was confirmed in a second «-MHC-D2 mouse model conditionally
expressing human D2 in the myocardium [67]. This model further
demonstrated that myocardial D2 expression provides a functional
advantage such as increased fractional shortening, velocity of cir-
cumferential fiber shortening, peak aortic outflow velocity and aor-
tic velocity acceleration [67]. Thus, by virtue of accumulating in
the myocardium and being a noncompetitive D2 inhibitor, amio-
darone/DEA can potentially decrease thyroid hormone signaling in
the heart.

Role of myocardial deiodinases in cardiac remodeling

Severe illness that is associated with ischemia/hypoxia results
in ectopic cardiac expression of D3, which inactivates thyroid hor-
mone and causes localized hypothyroidism [68,69]. D3 expression
has also been observed in animal models of adverse remodeling
such as myocardial infarction [70] and chronic pulmonary hyper-
tension with right ventricular hypertrophy and ventricular failure
(treatment with monocrotaline) [71,72]. While it is not clear if,
under these circumstances, D3 expression is beneficial or maladap-
tive, these data beg the question of whether ectopic D2 expression
in the heart protects against adverse myocardial remodeling. In
fact, studies in both animal models of humanized myocardium
showed that D2 activity in the myocardium protects against ad-
verse myocardial remodeling caused by pressure overload (aortic
banding) [59] or chemical injury (treatment with doxorubicin) [73].
At face value, these data suggest that by inhibiting the D2 pathway
in the heart, amiodarone could have a positive role and prevent
adverse remodeling. This is in agreement with clinical studies in-
dicating that the use of amiodarone reverses left ventricular dilata-
tion and other structural changes in patients with chronic tachy-
cardia such as occurs in poorly controlled atrial fibrillation [74].
Amiodarone has also been reported to improve left ventricular
ejection fraction in mild to moderate heart failure without improv-
ing total mortality [75]. Further studies should address whether
these benefits are due solely to the antiarrhythmic properties of
amiodarone or if D2 inhibition plays a role (even if minor).

Cytoxic potential of amiodarone

Amiodarone has direct, dose-dependent cytotoxic effects on the
thyroid in a variety of animal models [23]. These findings have
been confirmed in human post-operative pathologic specimens.
DEA is even more cytotoxic for thyroid cells than the parent drug
[23,76]. Although iodide excess may induce apoptosis, amiodarone
administration is associated with ultrastructural changes indicative
of thyroid cytotoxicity distinct from those induced by excess io-
dine alone. These changes include marked distortion of thyroid ar-
chitecture, apoptosis, necrosis, inclusion bodies, lipofuscinogenesis,
macrophage infiltration, and markedly dilated endoplasmic reticu-
lum (ER) [23,77]. Amiodarone is amphiphilic and strongly binds to
intralysosomal phospholipids, making them indigestible by phos-
pholipases, which may also contribute to subcellular alterations
[23,78]. In fact, exposure of human thyroid ML-1 cells and hu-
man primary thyrocytes to amiodarone, but not iodine, induces
the expression of ER stress markers including Ig heavy chain-
binding protein (BiP), phosphoeukaryotic translation initiation fac-

tor 2« (elF2a), CCAAT/enhancer-binding protein homologous pro-
tein (CHOP) and spliced X-box binding protein-1 (XBP-1). Notably,
amiodarone-induced ER stress is prevented by the pretreatment
with the chemical chaperone 4-phenylbutyric acid, both molecules
are known to minimize ER stress [79].

Thyroid autoimmunity and amiodarone

It is unlikely that thyroid autoantibodies appear in subjects
who have negative tests before starting amiodarone treatment [23].
However, amiodarone treatment may be associated with an in-
crease in certain lymphocyte subsets suggesting that, in susceptible
individuals, amiodarone may precipitate or exacerbate preexist-
ing organ-specific autoimmunity [23,25,80,81]. While this increase
may be involved in the pathogenesis of thyrotoxicosis, it may be
more important in amiodarone-induced hypothyroidism (AIH) [81].
The concomitant presence of thyroid autoantibodies and female
gender is associated with 13.5 times the risk of AIH compared
to men without thyroid autoantibodies [27,82]. While some au-
thors contend that the presence of thyroid antibodies increases the
risk of hypothyroidism, it is important to recognize that some au-
thors have reported that the majority of AIH patients have circu-
lating thyroid autoantibodies before amiodarone treatment is ini-
tiated, whereas others have found no increase in the incidence
of previous thyroid dysfunction (including antithyroid antibodies)
in patients who developed amiodarone-induced hypothyroidism
[23,25,83]. Elevated antithyroid antibody titers occur in up to 40%
of patients who become hypothyroid after amiodarone administra-
tion [25,81,82].

Amiodarone-induced hypothyroidism

As noted above, amiodarone is iodine-rich. Large amounts of io-
dide released during amiodarone metabolism inhibit thyroid hor-
mone biosynthesis (the Wolff-Chaikoff effect) and release [25,84].
The acute Wolff-Chaikoff effect lasts for a few days and then,
through the so-called “escape” from the Wolff-Chaikoff effect, the
organification of intrathyroidal iodide resumes and the normal syn-
thesis of thyroxine (T4) and triiodothyronine (T3) returns [85]. Per-
sistent amiodarone-induced hypothyroidism is attributed to a sub-
tle defect that results in enhanced susceptibility to the inhibitory
effect of iodine on hormonal synthesis, a failure to escape from the
Wolff-Chaikoff effect, or both [25,86].

Hypothyroidism may resolve or persist after cessation of amio-
darone therapy. Although patients with or without underlying dis-
ease may resolve (the typical time frame is 2-4 months consistent
with amiodarone’s long half-life), persistent hypothyroidism de-
spite amiodarone withdrawal is nearly always associated with un-
derlying autoimmune thyroid disease (the most likely pathogenic
mechanism is preexisting Hashimoto thyroiditis and an inability to
escape from the Wolff-Chaikoff effect) [23,25]. AIH is slightly more
frequent in females, with a female to male ratio of 1.5:1 [23,27].
Hashimoto’s thyroiditis is also the most common risk factor for the
development and persistence of AIH and is the likely reason for the
female preponderance (women are seven times more likely to have
Hashimoto’s thyroiditis) [87]. As noted above, women with preex-
isting thyroglobulin or microsomal antibodies have a relative risk
of 13.5 for developing AIH compared with men without thyroid an-
tibodies [27,82]. Enhanced autoimmunity may account for this dif-
ference. Anti-TPO antibodies (AKA antithyroid microsomal antibod-
ies) are the most common anti-thyroid autoantibody. Women have
a higher prevalence of thyroid peroxidase antibody (TPOAb) pos-
itivity [88]. Anti-TPO antibodies are present in 99% of cases when
thyroglobulin antibodies are present, but only 35% of anti-TPO anti-
body positive cases will demonstrate thyroglobulin antibodies [89].
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While it is tempting to assume that amiodarone’s iodine en-
hances the autoimmune response and unmasks previously subclin-
ical thyroid disease the data should be considered inconclusive. It
is equally reasonable to speculate that excess iodine may induce
nonspecific thyroid injury which adds to the damage caused by un-
derlying autoimmune disease [25].

Clinical manifestations and treatment of AIH

Hypothyroidism may develop as rapidly as two weeks or as late
as 39 months after amiodarone therapy is initiated [90]. Although,
serum TSH concentration rises transiently within a few days of
starting amiodarone, it gradually returns to baseline concentra-
tions, or even slightly below, over the next one to three months.
Despite having (on average) twice the bioavailability of oral amio-
darone, it is unlikely that a short course of intravenous amiodarone
can induce AIH [1,91].

AIH patients frequently have vague signs and symptoms which
are similar to those encountered in spontaneous hypothyroidism.
Cool pale, dry skin, fatigue, cold intolerance, slow speech and
mental sluggishness are common. Notably, many cardiac patients
treated with amiodarone have impaired left ventricular function
[1]. Slow movement, dyspnea on exertion and decreased exercise
capacity induced by hypothyroidism may be difficult to distinguish
from baseline or progressive cardiopulmonary abnormalities.

Amiodarone produces noncompetitive S-blockade that can
cause substantial sinus bradycardia within several days (peak, 3
months), which may be exacerbated by hypothyroidism. Although
both amiodarone and hypothyroidism prolong the QT/QTc interval,
the risk of potentially lethal Torsade de Pointes is likely lower than
the risk associated with antiarrhythmic drugs such as ibutilide,
dofetilide and sotalol [1].

Given its high degree of efficacy, amiodarone is often the only
available antiarrhythmic option for the patient and administration
is usually continued in association with levothyroxine (L-T4) re-
placement. T4 is the drug of choice, particularly in patients with
cardiac problems, because it requires once-daily administration
and is not associated with the spikes in serum thyroid hormone
concentrations observed in patients given L-T3 or desiccated thy-
roid (a mixture of T4 and T3) [23,92]. Amiodarone recipients often
require relatively larger doses of L-T4 to normalize their serum TSH
because of amiodarone’s inhibitory effects on T4 conversion to T3.
In view of the fact that these patients often have severe underly-
ing cardiac disease, maintaining the serum TSH concentration in
the upper half of the normal range is advisable [23].

Although lithium may be used for treatment of hyperthyroidism
(see below), hypothyroidism is common in lithium treated pa-
tients. In a review of 11 reports (including > 1700 patients), the
prevalence of hypothyroidism ranged from 6 to 52% [93,94]. The
combination of amiodarone and lithium is, however, primarily con-
traindicated because of the risk of QT prolongation and Torsade de
Pointes.

AIH and myxedema coma have been described in case reports
[95,96]. Myxedema coma is an endocrine emergency and warrants
aggressive treatment. Mortality rates range from 30 to 40% [97-99],
with elderly patients and those with cardiac complications (the
most common recipients of amiodarone therapy), reduced con-
sciousness, persistent hypothermia, and sepsis having the greatest
risk [1,100]. Management of myxedema coma involves replacement
of thyroid hormone and supportive therapy. Respiratory support
including intubation, controlled mechanical ventilation and supple-
mental oxygen therapy is pivotal [75].

Although the severity of the hypothermia is related to mor-
tality (the lower the temperature, the more likely a patient is to
die), external warming of the hypothermic patient may lead to

peripheral vasodilatation with circulatory collapse and should be
avoided. The presence of pre-existing cardiac disease (particularly
heart failure) seems likely to make amiodarone recipients particu-
larly vulnerable. Covering the patient with blankets at room tem-
perature is preferable [96].

There is considerable disagreement about the optimal method
for thyroid hormone replacement in myxedema coma. Intravenous
administration is initially preferable as gut absorption is unpre-
dictable [96]. It is important to remember that increasing serum
thyroid hormone concentrations rapidly carries some risk of pre-
cipitating myocardial infarction or tachyarrhythmias, but the high
mortality associated with myxedema coma justifies the risk. Some
authorities favor administration of T4; others favor T3, while some
prefer a combination of T4 and T3. High T3 serum concentrations
during treatment have been correlated with mortality [97,100]. In-
termediate replacement doses appear to be more effective than
very high or very low doses [100].

Treatment of amiodarone-induced myxedema is associated with
a risk of secondary adrenal insufficiency. This may be due to en-
hanced peripheral metabolism of cortisol after T4 supplementa-
tion or associated hypopituitarism [96,100]. Treatment with stress
doses of glucocorticoids is requisite until the possibility of coexist-
ing adrenal insufficiency has been excluded [100].

Amiodarone-induced hyperthyroidism

Amiodarone-induced hyperthyroidism is a much more complex
entity than AIH. There are two main forms of amiodarone-induced
thyrotoxicosis (AIT). Type | AIT usually occurs in abnormal thy-
roid glands and is the result of excessive iodine-induced hormone
synthesis and release. Autoregulatory mechanisms modulate the
thyroid gland’s iodine handling according to its iodine content
[25,101]. Disruption of these autoregulatory mechanisms is sug-
gested by the high glandular iodine content associated with AIT
compared with euthyroid amiodarone recipients [25,102,103] and
by return of iodine content to normal during resolution of thyro-
toxicosis [25,104]. Toxic nodular goiter and Graves’ disease are the
most common causes of Type I AIT in patients with preexisting or
“latent” thyroid disease.

Type II AIT is a destructive thyroiditis leading to release of pre-
formed (stored) thyroid hormones from damaged thyroid follicu-
lar cells. Type II AIT typically occurs in patients without underly-
ing thyroid disease [105]. Humoral thyroid autoimmunity seems to
play little, if any, role in the development of AIT in patients with-
out underlying thyroid disorders [25]. The relative prevalence of
the two forms of AIT is unknown, but may depend on the ambi-
ent iodine intake. Type II AIT persists for 1-3 months, until thyroid
hormone stores are depleted, but resolves more quickly after glu-
cocorticoid therapy [23,103].

A risk prediction index for Amiodarone-induced thyrotoxicosis
has been developed in adults with congenital heart disease. The
model includes age at amiodarone initiation, body mass index and
the presence or absence of cyanosis. Its applicability has not been
validated in other patient populations [106,107].

Clinical manifestations and treatment of AIT

Clinical features such as unexplained weight loss, proximal my-
opathy, exacerbation of arrhythmia or angina pectoris, or heat in-
tolerance may prompt diagnosis of this complication, however,
classical thyrotoxicosis symptoms may be absent due to the anti-
adrenergic action of amiodarone and impairment of conversion of
T4 to T3 [23,104]. Goiter may be present or absent, with or without
pain in the thyroid region. Goiter and ophthalmopathy are usually
absent, unless AIT occurs in a patient with Graves’ disease [23,27].
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It has been the authors’ experience that sudden recrudescence of
previously controlled atrial and/or ventricular tachyarrhythmias is
the most common clinical presentation. Electrical storm defined
as ventricular tachycardia or ventricular fibrillation occurring 2 or
more times in 24 h (usually requiring electrical cardioversion or
defibrillation) may ensue [1,108]. Angina may also be provoked
[25].

In patients with recurrent atrial fibrillation, prevention of
thromboembolic events may be particularly tricky. Although thyro-
toxicosis modifies the balance between coagulation and fibrinolysis
and exerts a procoagulant effect increasing the risk of thromboem-
bolism; in patients receiving warfarin, thyrotoxicosis has been as-
sociated with increased warfarin sensitivity (regardless of the thy-
roid disorder’s etiology). Hyperthyroid patients exhibit an exagger-
ated depression in functional clotting factors (II, VIL. IX and X)
[27] in response to warfarin and accentuation of their prothrom-
bin times. Importantly, amiodarone inhibits the plasma clearance
of warfarin, thereby increasing its anticoagulant action. This effect
appears to be mediated by competitive inhibition of hepatic cy-
tochrome P450, family 2, subfamily C, polypeptide 9 gene (CYP2C9)
and the vitamin K epoxide reductase subunit 1 gene (VKORC1)
[109].

Laboratory features of AIT include low serum thyroid stimulat-
ing hormone (TSH), increases in thyroxine, free thyroxine and free
thyroxine index. Some patients may also demonstrate high serum
levels of triiodothyronine, free triiodothyronine and free triiodothy-
ronine index. Serum levels of triiodothyronine can be normal in as
many as 80% of patients [25,110].

As previously noted, amiodarone therapy is often reserved for
treatment of life-threatening tachyarrhythmias such as ventricular
tachycardia or fibrillation resistant to other pharmacological op-
tions [1,23]. Exacerbation of thyrotoxicosis has been reported af-
ter temporary amiodarone cessation [25,111,112]. This likely results
from loss of amiodarone-induced myocardial intracellular hypothy-
roidism [25,46,113-115]. In addition, amiodarone’s lipophilicity re-
sults in tissue storage for prolonged periods of time. Thyrotoxico-
sis may take as long as 8 months to subside after amiodarone is
discontinued. If amiodarone has been effective in managing life-
threatening arrhythmias we recommend continuing it while treat-
ing the hyperthyroidism. If an alternative drug can be chosen, a
switch is reasonable, but the drug’s long half-life prevents any im-
mediate benefit [36]. Therefore, discontinuing amiodarone is often
not a practical treatment option for AIT.

In the United States and other iodine-sufficient areas of the
world, radioactive iodine is also not a viable therapeutic option for
AIT. Uptake of radioiodine is inhibited by high intrathyroidal iodine
concentrations [105]. Low or suppressed radioactive iodine up-
take makes therapeutic administration of radioiodine not feasible
[23,25]. Some authors have described its use in Europe, where 24-
h radioiodine uptake values in AIT type 1 may be higher [35,116].

Differentiating type I AIT from type II AIT is clinically relevant
because it has important therapeutic implications [105]. Serum
thyroglobulin is often increased in AIT, but may not be a good
marker of thyroid destruction in goitrous patients [23]. Similarly,
measurement of erythrocyte sedimentation rate and C reactive
protein has been unhelpful in discriminating the 2 AIT subtypes.
The presence of thyrotropin receptor antibodies suggests Graves’
disease. Interleukin-6 (IL-6) is thought to be a better marker be-
cause it has been found to be normal or mildly elevated in patients
with Type 1 AIT and significantly elevated in patients with Type 2
AIT [23,117]. Unfortunately, IL-6 may be elevated in heart failure
and other non-thyroidal conditions [105].

Color flow Doppler sonography of the thyroid is very useful in
distinguishing the type of AIT present. Absence of vascularity and
glandular destruction is typical of Type II AIT (other patterns sug-

gest Type 1), and 80% of patients can be classified as having Type I
or II AIT with color flow Doppler sonography [105]. Technetium-
99m sestamibi (99mTc-STS) thyroid scintigraphy has been used
to distinguish subtypes of amiodarone-induced thyrotoxicosis. Un-
fortunately, the information gathered is qualitative and highly
subjective. The use of quantitative thyroid-to-background ratios
displayed on a time-activity curve has recently been reported to
improve interobserver reliability for investigation of different types
of AIT [105].

Because it is caused by increased hormonal synthesis Type I
AIT is treated with a thionamide [105]. High intrathyroidal iodine
content reduces the effectiveness of conventional thionamide drug
therapy and higher than average doses are often required [23,105].
Thionamide drug therapy (methimazole, carbimazole, propylth-
iouracil) works by inhibiting the enzyme thyroid peroxidase and
reducing synthesis of T3 and T4.

Potassium perchlorate has been wused to treat hyperthy-
roidism since the 1950s [118]. Potassium perchlorate inhibits the
sodium/iodide symporter and blocks active transport of iodide into
the thyroid and helps deplete intrathyroidal iodine stores to im-
prove the therapeutic efficacy of thionamides [23,119]. The time
required to achieve euthyroidism is shorter than that in patients
responsive to conventional thionamide treatment [120].

Perchlorate is no longer available in the United States [35].
Like amiodarone, the major limitation of potassium perchlorate
is toxicity. The main concerns are agranulocytosis, aplastic ane-
mia and renal dysfunction (nephrotic syndrome) [23,25,105]. Daily
doses of potassium perchlorate exceeding 1 g, have been associated
with a 16-18% incidence of toxicity [23,121]. Hematological toxic-
ity is less likely at lower doses [23,122]. Although short duration
perchlorate therapy may result in a high risk of recurrent thy-
rotoxicosis, it seems wise to discontinue potassium perchlorate
once euthyroidism is achieved [23,123]. Agranulocytosis and aplas-
tic anemia are also rare complications of thionamide monotherapy
(prevalence of 0.1-0.5%) [124-127].

Lithium carbonate has also been used in a small number of pa-
tients to accelerate the time to euthyroidism [23,105,128]. Lithium
increases intrathyroidal iodine content, inhibits coupling of iodoty-
rosine residues to form T4 and T3 [1,23], and inhibits release of T4
and T3 [129-132].

Thionamides (+/—) potassium perchlorate are not appropriate
therapy for Type II destructive thyroiditis. Glucocorticoids are ef-
fective for Type II AIT because of their anti-inflammatory and
membrane-stabilizing effects. Steroids are also beneficial because
of their inhibition of 5'-D activity [23,105]. Prednisone is started
and tapered over two to three months. Exacerbations may oc-
cur during the taper and should be treated by increasing the
steroid dose [35,105]. Patients may develop transient hypothy-
roidism when thyrotoxicosis resolves and may benefit from thyroid
hormone replacement.

In patients with mixed forms of AIT or in those in whom dif-
ferentiation is impossible, a combination of a thionamides plus
steroids (and possibly potassium perchlorate), is likely the most
beneficial therapeutic regimen [23]. Plasmapheresis may be con-
sidered for drug refractory cases [23,35].

Beta blockers relieve thyrotoxicosis symptoms associated with
increased beta-adrenergic tone. In the absence of contraindications,
a beta-blocker should be started in most patients as soon as the
diagnosis is made. Although some beta blockers inhibit the 5’-
monodeiodinase that converts T4 to T3, the effect is slow (7-10
days) and contributes little to their therapeutic efficacy [133].

Like myxedema coma, thyroid storm is an endocrine emergency.
Thyroid storm may account for 1-10% of hospital admissions for
hyperthyroidism; however, most reports estimate an incidence of
<2%. Thyroid storm is most common in women and is more fre-
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quent among patients with underlying Graves’ disease. There are a
myriad of well-described precipitants of thyroid storm in patients
with unrecognized thyrotoxicosis and amiodarone has been impli-
cated [134,135].

Even with early diagnosis, overall mortality from thyroid storm
ranges from 10% to 30% [134,135]. Patients in thyroid storm are
critically ill and supportive therapy may require reversal of hyper-
thermia, dehydration, congestive heart failure, tachyarrhythmias,
and prevention of adrenal crisis. As in less severe forms of AlT,
oral or intravenous B-adrenergic blockade is a cornerstone of treat-
ment strategy. Multi-system organ failure is the most common
cause of death, followed by heart failure, respiratory failure, ar-
rhythmia, disseminated intravascular coagulation, gastrointestinal
perforation, hypoxic brain syndrome, and sepsis [135].

Thionamides are first-line therapy in the treatment of thyroid
storm. As in Type I AT, these drugs must be used at significantly
higher doses than the standard regimen recommended for uncom-
plicated hyperthyroidism. Critically ill patients may require treat-
ment with rectal formulations or intravenous methimazole (propy-
Ithiouracil is relatively insoluble and not suitable for intravenous
administration). Nonradioactive iodine administration may tran-
siently decrease thyroid hormone synthesis and may be adminis-
tered orally, rectally or intravenously. lodine must be administered
at least 30 min after thionamides to avoid serving as a substrate
for new thyroid hormone production [135].

lodine administration also blocks release of preformed hormone
by inhibiting the proteolytic release of T3 and T4 from thyroglob-
ulin. This secondary effect of iodine treatment results in a faster
onset than propylthiouracil [135-137]. Lithium may be substituted
when iodine administration is undesirable or impossible (e.g. his-
tory of anaphylaxis) [135].

Thyroid hormones are metabolized in the liver and conjugated
products are excreted via bile into the intestine where free hor-
mones are released, reabsorbed, and circulate in a process referred
to as enterohepatic circulation of thyroid hormone. Cholestyramine
binds the conjugation products, promotes their excretion and de-
creases thyroid hormone levels [135,138-140].

When clinical deterioration occurs despite conventional ther-
apy, plasmapheresis or plasma exchange rapidly reduces thyroid
hormone levels and has been associated clinical improvement.
Thyroxine-binding globulin, with bound thyroid hormone, is re-
moved from circulation, and the colloid replacement (usually al-
bumin) provides unsaturated binding sites for circulating free thy-
roid hormone. Although albumin binds thyroid hormone less avidly
than thyroxine-binding globulin, it has a much larger capacity for
low-affinity binding, thereby decreasing free thyroid hormone con-
centrations [135,141].

Thyroidectomy is generally reserved for patients with severe
thyrotoxicosis, which is considered to be life-threatening and may
include amiodarone-induced thyroid or electrical storm. In many
instances, long-term discontinuation of amiodarone is not consid-
ered possible from a clinical point of view [23,25,105,114]. Sur-
gical candidates include patients who deteriorate or do not im-
prove despite intensive medical treatment, develop severe side ef-
fects such as agranulocytosis or aplastic anemia from treatment
or need rapid resolution of their hyperthyroidism because of se-
vere cardiac or pulmonary comorbidities [135]. In a recent study,
73% of patients (8 of 11) with previous episodes of type 1 AlIT,
who did not receive preventive thionamide treatment, developed
a recurrence after amiodarone reintroduction [142]. Surgery (to-
tal or near-total thyroidectomy) results in rapid control of thy-
rotoxicosis and is the only antithyroid treatment that reliably
permits continuation of amiodarone therapy [25,143-145]. Recent
data from France suggests that complete thyroidectomy is supe-
rior to partial thyroidectomy, but only a small number of pa-

tients with AIT (5, 2.5%) were included in the 200 patient cohort
[146].

Surgical mortality may approach 10% in thyroid storm [135,147].
In contrast, and in spite of the elevated risk imparted by underly-
ing cardiac disease, surgery seems to be reasonably safe for AIT
patients [18,88,148]. Small doses of S-blockers have been used be-
fore surgery in some patients [148], with caution that a synergis-
tic effect with amiodarone could cause bradycardia or sinus arrest
[1,149].

Monitoring and recommendations for amiodarone recipients

Various algorithms have been suggested to monitor thyroid
function in amiodarone recipients. A careful history and physi-
cal examination is essential to detect pre-existing thyroid disease.
Baseline thyroid function testing is also pivotal to avoid precipi-
tating thyroid storm in a hyperthyroid patient or myxedema coma
in a patient with Hashimoto’s thyroiditis. Some authors recom-
mend assessment of serum TSH, T4 and T3 [25], others suggest
also assessing anti-thyroid peroxidase antibodies (anti-TPO anti-
bodies) which are commonly associated with Hashimoto’s thyroidi-
tis [35]. As noted in Table 3, there will be differences in thy-
roid function tests in the first 3 months of amiodarone therapy
compared to values seen after 3 months [35]. Nevertheless, in
the presence of normal baseline values, most cardiologists/cardiac
electrophysiologists will follow serum TSH levels every 6 months
[1]. Suspicion of abnormal thyroid function (an elevated or de-
pressed TSH) should trigger consultation with an expert endocri-
nologist familiar with the nuances of amiodarone-induced thyroid
abnormalities and their management. Fig. 1 illustrates a composite
approach to follow-up and management [25,35,105].

Is dromedarone an alternative drug to avoid AIT?

Dronedarone is a non-iodinated benzofuran derivative of amio-
darone first approved by the FDA in 2009 for the management
of AF. Like amiodarone, dronedarone is a potent blocker of mul-
tiple ion currents but lacks the iodine moiety and theoretically
should have fewer effects on thyroid function. Dronedarone ex-
erts its antiadrenergic effects by noncompetitive binding to -
adrenergic receptors and inhibition of agonist-induced increases in
adenylate cyclase activity [150]. Dronedarone is less lipophilic, has
a far shorter half-life and fewer serious side effects than amio-
darone. Nevertheless, cases of severe liver injury and interstitial
lung disease including pneumonitis and pulmonary fibrosis have
been reported in patients treated with dronedarone [151,152].

In the EURIDIS and ADONIS trials, the incidence of clinical hy-
perthyroidism was 8.4% in the dronedarone group versus 14.1%
in the placebo group (P=0.002) and the incidence of hypothy-
roidism was 5.5% in the dronedarone group versus 3.5% in the
placebo group (P=0.15) [153]. The incidence of hyperthyroidism
or hypothyroidism did not differ significantly between the placebo
and dronedarone groups in the ATHENA trial [153]. These studies
suggest that, in contrast to the experience with amiodarone, there
is no increase in clinical thyroid disease in patients treated with
dronedarone.

Amiodarone is the most effective antiarrhythmic drug for main-
taining sinus rhythm in atrial fibrillation patients. Unfortunately,
droneradone is clearly less effective in maintaining sinus rhythm
than amiodarone [154,155]. Beyond isolated case reports, there is
little evidence that dronedarone has significant efficacy in treat-
ment of ventricular arrhythmias [155,156].

In contrast to amiodarone, treatment with dronedarone has
been associated with increased early mortality related to heart
failure exacerbation in patients with severe heart failure and left
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| Perform baseline thyroid function tests (serum TSH, T4, T 3, +/- Anti-TPO antibody |

\2

| Assess TSH, T4, T3 three months after starting amiodarone |

| If TSH is ncl)rmal, repeat every 6 months l

Elevated TSH | Abnormally low T\EH or drop in TSH | | Stable, normal TSH |

Assess T4 (and free T4 if required;
low level conﬁTms AlH)

Assess T4and T3 (and free T4,and
free T3, if required; increase from
“reference values” confirms AIT)

\A

| Continue to monitor TSH |

v 7

> TSH<0.1mU/I (and free T4, and freeT3

Treat with levothyroxine |

TSH < 0.1mU/I (and free T,, and free T, elevated or 50% higher than baseline
normal or minimally elevated, repeat TFTs in 2-4 weeks

2

Ultrasound and Doppler of thyroid

.

Consider thyroidectomy if amiodarone cannot be stopped or rapid
control of thyrotoxicosis is indicated

If A!T severe a.nd aIternapve an.harrhythmlc drug If studies suggest type 2 AIT
available consider stopping amiodarone .
start prednisone

)<—_| If studies suggest type | AIT start

high dose antithyroid drugs

|

Medical management is
suitable in less urgent cases

Fig. 1. A composite algorithm for thyroid follow-up and treatment in patients receiving amiodarone.

ventricular systolic dysfunction [157]. Although dronedarone im-
proves ventricular rate control in patients with permanent AF
[158], it increased rates of heart failure, stroke, and death from car-
diovascular causes in patients with permanent AF at risk for major
vascular events [159,160].

Summary and conclusions

Amiodarone is considered the most effective antiarrhythmic
drug and is one of the most frequently prescribed antiarrhythmic
medications in the United States. Amiodarone has complex phar-
macokinetics and pharmacodynamics. It also has significant side
effects which include hypothyroidism and thyrotoxicosis. Manage-
ment of AIH is usually straightforward whereas management of
AIT is far more complicated. Most of amiodarone’s adverse effects
are reversible with dose reduction or discontinuation of therapy;
however this option is frequently unavailable in patients with drug
refractory (often life-threatening) tachyarrhythmias. Fatal compli-
cations (such as pulmonary fibrosis, cirrhosis, and bradycardia
leading to cardiac arrest) are well described, but amiodarone-
induced thyroid disease is rarely considered among them. Never-
theless, amiodarone may precipitate electrical storm or endocrine
emergencies such as myxedema coma and thyroid storm which are
associated with significant morbidity and mortality. Amiodarone
should be used carefully in patients likely to derive the most ben-
efit. Close follow-up and a high index of suspicion for thyroid
disease are requisite to avoid emergencies. Consultation with an
endocrinologist is crucial whenever amiodarone-induced thyroid
abnormalities are suspected. When life-threatening thyroid com-
plications do occur, a coordinated team effort between endocrinol-
ogists, cardiac electrophysiologists, intensivists and surgeons is piv-
otal to limit mortality.
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