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Transthyretin cardiac amyloidosis (ATTR-CA) is increasingly diagnosed owing to the emergence of noninvasive imaging

and improved awareness. Clinical penetrance of pathogenic alleles is not complete and therefore there is a large cohort of

asymptomatic transthyretin variant carriers. Screening strategies, monitoring, and treatment of subclinical ATTR-CA

requires further study. Perhaps the most important translational triumph has been the development of effective ther-

apies that have emerged from a biological understanding of ATTR-CA pathophysiology. These include recently proven

strategies of transthyretin protein stabilization and silencing of transthyretin production. Data on neurohormonal

blockade in ATTR-CA are limited, with the primary focus of medical therapy on judicious fluid management.

Atrial fibrillation is common and requires anticoagulation owing to the propensity for thrombus formation. Although

conduction disease and ventricular arrhythmias frequently occur, little is known regarding optimal management.

Finally, aortic stenosis and ATTR-CA frequently coexist, and transcatheter valve replacement is the preferred

treatment approach. (J Am Coll Cardiol CardioOnc 2021;3:488–505) © 2021 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
O ver the past decade, there has been a trans-
formation in the field of transthyretin car-
diac amyloidosis (ATTR-CA) with an

increasing recognition that many ATTR-CA patients
were previously undiagnosed and instead presumed
to have hypertensive heart disease, heart failure
with preserved ejection fraction (HFpEF), or hyper-
trophic cardiomyopathy (1). Delays in diagnosis
were nearly universal and, unfortunately, still persist
today (2). However, with increased awareness of clin-
ical clues, coupled with the ability to diagnose ATTR-
CA without a biopsy (3) reports have demonstrated
ATTR-CA in patients hospitalized with HFpEF
(w13%) (4), in patients with severe aortic stenosis
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undergoing transcatheter aortic valve replacement
(TAVR) (w16%) (5), and in up to 40% of high-risk pop-
ulations, such as Afro-Caribbeans with heart failure
and increased ventricular wall thickness (6). Thus,
every cardiologist has encountered patients with
ATTR-CA, whether recognized or unappreciated.
Despite the use of cardiac bone scintigraphy
increasing exponentially and multisocietal guidelines
supporting the nonbiopsy diagnosis (7,8), there are
important pitfalls to avoid. These include failing to
assess for monoclonal proteins or the overreliance
on planar imaging (9). However, the most important
“translational triumph” has been the development
of effective therapies that have emerged from a
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HIGHLIGHTS

� ATTR-CA is increasingly recognized
owing to improved awareness and emer-
gence of noninvasive diagnostic
pathways.

� Clinical penetrance of pathogenic alleles
is incomplete, with limited data for
screening or management of asymptom-
atic carriers.

� Biological understanding of ATTR-CA
pathology has led to effective targeted
therapies of TTR stabilizers and silencers.

� Potential future treatments include
CRISPR, amyloid extraction/degradation,
and inhibition of amyloid seeding.

AB BR E V I A T I O N S

AND ACRONYM S

6MWT = 6-minute walk test

AF = atrial fibrillation

AL = light chain amyloid

AS = aortic stenosis

ASO = antisense

oligonucleotide

ATTR-CA = transthyretin

cardiac amyloidosis

ATTRv = variant transthyretin

cardiac amyloidosis

ATTRwt = wild-type

transthyretin cardiac

amyloidosis

CMR = cardiac magnetic

resonance

DCCV = direct current

cardioversion

HF = heart failure

LVEF = left ventricular

ejection fraction

NT-proBNP = N-terminal pro–

B-type natriuretic peptide

SAP = serum amyloid P

component

siRNA = small interfering RNA

TAVR = transcatheter aortic

valve replacement
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biological understanding of the underlying patho-
physiology (10). These therapies have meaningful ef-
fects on the quality and quantity of affected
individuals’ lives. This review focuses on the man-
agement of patients with ATTR-CA and the emerging
treatment landscape (Central Illustration).

MANAGEMENT OF HEART FAILURE

IN ATTR-CA

ATTR-CA is classified according to the presence or
absence of a mutation in the TTR gene (Table 1). Wild-
type CA (ATTRwt; no mutation) occurs with aging,
whereas variant CA (ATTRv; hereditary) occurs with
the presence of a single amino acid substitution in the
127- amino acid chain. There are more than 130 known
pathogenic TTR variants, named according to the site
of amino acid substitution; p.V142I (legacy nomen-
clature V122I, which omits the 20-amino acid signal
peptide), for example, refers to the substitution of
valine for isoleucine at position 142 of the protein.
This substitution renders the protein kinetically un-
stable and prone to dissociation and aggregation in
the form of amyloid fibrils. ATTR-CA leads to a pro-
gressive restrictive physiology with reduced stroke
volume, decreased compliance, and compromised
cardiac output. Studies directly addressing the
benefit of traditional heart failure (HF) medical ther-
apy for ATTR-CA remain limited. In the absence of
definitive data, expert consensus opinion and docu-
ments currently guide clinical practice (11,12).

Loop diuretics are foundational for maintaining
fluid balance in ATTR-CA, with a delicate balance
between relieving congestion while maintaining
adequate preload (11). The restrictive nature of ATTR-
CA necessitates higher filling pressures to
maintain cardiac output. As a result, these
patients are prone to organ hypoperfusion
with aggressive diuresis, most commonly in
the form of acute kidney injury, such that
close attention should be paid when man-
aging volume. Furosemide is typically the
first-line diuretic, but for those with inade-
quate response, torsemide or bumetanide
offer greater potency and bioavailability.
Aldosterone antagonists can be synergistic as
adjunctive therapy for potassium sparing. For
loop diuretic–refractory congestion,
augmentation with thiazides enhances natri-
uresis. Outpatient administration of intrave-
nous diuretics may be effective in ATTR-CA
patients with suboptimal response to oral
regimens. In a recent study of an ambulatory
diuresis clinic in CA patients, intravenous
diuretics were administered at 28% of clinic
visits. No participants experienced symp-
tomatic hypotension or severe kidney injury.
Subsequent to establishing care at the
diuresis clinic, there was a significant
decrease in emergency department visits and
inpatient admissions (13). We have previ-
ously shown a strong association between
diuretic dose and mortality in an ATTR-CA
cohort independent from other prognostic

factors (14). The accelerating need for diuretics likely
serves as a surrogate for disease progression.

While there is a lack of data regarding the use of
outpatient pulmonary artery pressure monitoring
specifically in ATTR-CA patients, the benefit for
reducing HF hospitalizations in other cohorts is well
established (15). A remote monitoring–guided strat-
egy may be effective in ATTR-CA patients because of
the heightened need for fluid balance within a narrow
therapeutic window.

Expert consensus documents recommend against
the use of standard HF therapies in ATTR-CA. While
many ATTR-CA patients may have preserved left
ventricular ejection fraction (LVEF), a substantial
portion will have reduced LVEF (16,17). There are no
guideline-based recommendations for neurohor-
monal antagonists, and most recommendations are
based on expert opinion. Pressure-volume relation-
ships in ATTR-CA show abnormalities in passive
ventricular filling and altered ventricular-vascular
coupling that reduce the ability of the left ventricle
to perform work (18). The resultant lower stroke
volume index is associated with greater mortality
(16). Thus, beta-blockers may be harmful by further
reducing cardiac output in ATTR-CA patients who are



CENTRAL ILLUSTRATION Transthyretin Cardiac Amyloid: Stages of Disease and
Treatment Options

Griffin, J.M. et al. J Am Coll Cardiol CardioOnc. 2021;3(4):488–505.

(Top) ATTR: scope of the problem. Large at-risk populations (stage A) and structural heart disease not yet identified as due to ATTR (stage B).

Most patients in the current era are not diagnosed until the onset of overt heart failure (stages C and D). (Bottom) Goals of therapy in ATTR

and the potential impact on natural history of ATTR-CA. ATTR ¼ transthyretin amyloid; ATTRv ¼ variant transthyretin cardiac amyloidosis;

CA ¼ cardiac amyloidosis; HF ¼ heart failure.
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TABLE 1 Demographic, Genetic, Phenotypic Differences Among Main Types of ATTR-CA

ATTRwt

ATTRv

p.V142I (V122I) p.T80A (T60A) p.V50M (V30M)

Average age, y (range) 80 (60-100) 75 (55-90) 67 (50-85) 37 (18-85)a

Male, % 85%-90% 60%-70%b 60%-70%b 50%b

Race/ethnicity/country of origin Predominantly White Afro-Caribbean Irish Portuguese, Swedish, Japanese

Genetics Nongenetic Autosomal dominant

Phenotype Predominantly cardiac; orthopedic
manifestations: carpal tunnel

syndrome, lumbar spinal stenosis,
biceps tendon rupture

Mainly cardiac; autonomic
dysfunction and peripheral
neuropathy rare clinically

Mixed phenotype with both
cardiac and neuropathic

(peripheral and autonomic)

Mainly neuropathic phenotype but
more cardiac involvement with
advancing age (>50 y) and in

nonendemic regions

aDepends on endemic vs nonendemic areas, early vs late age onset. bAge of disease penetrance is later in women than in men.
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heart rate dependent, owing to a relatively fixed low
stroke volume (11,12). Given their unproven benefit
and potential harm, de-escalation of beta-blockers
should be considered in those with symptomatic hy-
potension and slow heart rates. Beta-blocker therapy
may be required for rate control of atrial arrhythmias,
but the lowest effective dose is recommended. Con-
cerns with other HF therapies, including angiotensin-
converting enzyme inhibitors (ACEi), angiotensin re-
ceptor-blockers (ARB), and angiotensin receptor-
neprilysin inhibitors (ARNI), relate predominantly to
risk for symptomatic hypotension. However, data
concerning the use of these agents and sodium-
glucose cotransporter 2 inhibitors are lacking in
ATTR-CA. The use of standard HF therapy in ATTR-
CA will evolve with more experience and diagnosis
at earlier stages.

Postural hypotension can occur, especially in
ATTRv with coexistent autonomic neuropathy
(19). Pharmacologic treatment with midodrine or
droxidopa and compression stockings may be helpful
(20). Because concurrent neurologic and cardiac
involvement may occur, we have a low threshold to
refer ATTRv patients with any suspicion for neuro-
logic involvement for formal assessment.

For ATTR-CA patients with progressive HF, studies
have shown that symptoms may be driven by reduced
myocardial reserve as estimated by means of semi-
supine exercise test (21) and echocardiography (22).
Aligning with this concept that patients with
advanced disease have lower stroke volume, the po-
tential utility of inotropes may arise. In a single-center
study from France, mortality was high in patients with
cardiac amyloidosis admitted to the intensive care
unit for cardiogenic shock, particularly in those
receiving catecholamine infusions (23). However, this
may represent treatment bias for those with end-stage
disease rather than a causal relationship between
inotropic support and mortality. Overall, there are
insufficient data to guide the use of inotropes in
ATTR-CA. The clinical progression and management
strategies of ATTR-CA (including targeted therapies
discussed below) are outlined in Figure 1.

MANAGEMENT OF ARRHYTHMIAS

ASSOCIATED WITH ATTR-CA

Arrhythmias in ATTR-CA span the spectrum from
bradyarrhythmias to atrial and ventricular tachyar-
rhythmias. Most of the published literature contain
data on combined cohorts of light chain amyloid (AL)
and ATTR patients, making it difficult to ascertain
specific details for ATTR-CA.

ATRIAL FIBRILLATION. Atrial fibrillation (AF) is the
most frequent sustained arrhythmia encountered in
those with ATTR-CA. Reported prevalence is highly
variable, ranging from 15% to 70% across all CA sub-
types (24-29). AF is more common in ATTRwt than in
AL-CA or ATTRv, with a prevalence as high as 70%
reported in some series (26).

Owing to the high prevalence of AF, screening with
long-term monitoring should be considered in ATTR-
CA. The detection of AF modifies treatment because
anticoagulation is essential owing to high prevalence
of intracardiac thrombus. In a study of 58 CA patients
(50% with ATTR-CA) referred for transesophageal
echocardiography (TEE)–guided direct current car-
dioversion (DCCV) for atrial arrhythmias, 16 (28%)
were cancelled of which 13 demonstrated intracardiac
thrombus (7 ATTRwt), including 2 with AF after <48
hours and 4 with a therapeutic international
normalized ratio at $3 weeks. In 21 ATTR-CA patients
with TEE data, 65% showed spontaneous contrast on
echocardiography and 33% had intracardiac thrombus
(30). In a separate study of 100 ATTR-CA patients who
underwent TEE before planned DCCV, left atrial
appendage thrombus was seen in 30%, of whom 87%
were on systemic anticoagulation. In addition, there



FIGURE 1 Clinical Status and Treatment for ATTR-CA

Progression from preclinical to end-stage heart failure (HF) with progressive symptoms from dyspnea and arrhythmias to a low output state.

? ¼ unknown benefit.
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was no association between the CHA2DS2-VASc risk
score and presence of intracardiac thrombus (31).
Based on these findings, the use of anticoagulation in
all ATTR-CA patients with AF regardless of CHA2DS2-
VASc risk score is recommended along with TEE-
guided DCCV regardless of anticoagulation status.

There are insufficient data to inform whether
vitamin K antagonists or direct oral anticoagulants
are preferred for oral anticoagulation. The role of left
atrial appendage occlusion devices in ATTR-CA is
unknown, but there is concern for potential device
thrombosis given the known increased risk of intra-
cardiac thrombus.

Rate control can be challenging in ATTR-CA
because of a narrow range of heart rate to optimize
hemodynamics given the likely presence of a low and
relatively fixed stroke volume. Nevertheless, cautious
beta-blocker use is reasonable for persistent AF.
Nondihydropyridine calcium channel blockers should
be avoided in CA (11,32) owing to concerns for amy-
loid fibril binding, negative inotropic effect, blunting
of heart rate response, and risk of hypotension. When
necessary, these agents should be started at low
doses with frequent monitoring (26).
The role of digoxin in the management of CA re-
mains controversial. Historically, there were concerns
for digoxin binding with amyloid fibrils leading to
increased risk for toxicity in AL (33). However, a
contemporary, retrospective study evaluated digoxin
use in 69 patients with cardiac amyloidosis, 42 of
whom had ATTR-CA; digoxin-related toxicity or ar-
rhythmias occurred in 15.9%,with no deaths attributed
to digoxin toxicity (34). Thus, low-dose digoxin with
close monitoring is a reasonable alternative for rate
control, especially in patients prone to hypotension.

A rhythm control strategy may be considered,
particularly for earlier stage disease. In a non-
randomized study of ATTRwt patients with AF, 32.3%
received antiarrhythmic therapy and the remainder
were managed with rate control. The most common
antiarrhythmic agent was amiodarone. There was no
difference in survival among patients treated with rate
versus rhythm control (28). A recent study assessed
outcomes in 265 patients with ATTR-CA and AF. In that
cohort, 35% received antiarrhythmic medications,
45% underwent DCCV, and 5% underwent AF ablation.
Rhythm control strategies appeared more effective
when used earlier in the disease course. In addition,
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there was no difference in survival for ATTR-CA pa-
tients with or without AF (35).

TEE-guided DCCV may be considered in ATTR-CA
patients with symptomatic AF. In a single-center
study, success rates were similar between those
with CA and control subjects. However, ventricular
arrhythmias and bradyarrhythmias were more com-
mon in the CA group. The rates of arrhythmia recur-
rence during 1-year follow-up were similar for control
subjects without CA (55%), patients with AL-
cardiomyopathy (50%), and patients with ATTR-CA
(49%) (30). In a separate study of 283 patients (52%
ATTR-CA), 32% underwent DCCV with a 1-year
recurrence rate of 71% in those with ATTR-CA (29).
Thus, while immediate success rates in ATTR-CA are
similar to other cohorts, the 1-year recurrence is high.

Published data regarding catheter ablation for AF
in CA remains limited. A study of 24 patients with
ATTR-CA who underwent AF ablation appeared
matched 2:1 to ATTR-CA patients with AF treated
medically. During a mean follow-up of 39 months, the
overall recurrence rate of AF was 58%. Ablation
appeared more effective in those with earlier-stage
disease (36).

In our clinical experience, long-term maintenance
of sinus rhythm is difficult in most patients with
intermediate-late stage ATTR-CA, and recurrent atrial
arrhythmias often herald more severe disease. Ad-
vances in treatment of ATTR-CA may lead to more
success with rhythm control.

BRADYARRHYTHMIA. Conduction disease is
commonly encountered in ATTR-CA. Barbhaiya et al
(37) performed electrophysiologic studies on 18
advanced CA patients (14 ATTRwt) and found that the
His-ventricular (HV) interval was prolonged (>55 ms)
in all CA patients, including in 6 patients with normal
QRS duration (#100 ms), which is consistent with
extensive conduction disease. Thus, HV interval
prolongation with normal QRS duration may be
driven by widespread involvement of both left and
right bundle branches in CA patients. In a single-
center study in France, 100 patients with familial
amyloid polyneuropathy (ATTRv) underwent pro-
phylactic pacemaker implantation after meeting
criteria of HV interval >70 ms, HV interval >55 ms
associated with a fascicular block, first-degree atrio-
ventricular block, or a Wenckebach anterograde
point #100 beats/min. During mean follow-up of
45 months, 25% developed second- or third-degree
atrioventricular block (38) requiring permanent pac-
ing. Whether this is applicable to ATTRv with pre-
dominant cardiac phenotype or ATTRwt has not
been studied.
Standard indications for pacing are recommended
in patients with ATTRwt, although some centers with
endemic populations of ATTRv consider prophylactic
pacing when conduction abnormalities are detected.
For those that meet criteria for pacing, the use of
biventricular pacing (cardiac resynchronization
[CRT]) may be considered, but its benefits are un-
certain. A retrospective cohort study of 78 patients
with ATTR-CA found that patients with RV pacing
burden >40% had more mitral regurgitation, lower
LVEF, worsening New York Heart Association (NYHA)
functional class, and greater mortality compared with
those with RV pacing <40%. In the same study, CRT
was associated with higher LVEF and NYHA func-
tional class and lower mitral regurgitation severity
(39). A follow-up study matched 30 ATTR-CA patients
who underwent CRT implantation to 30 patients that
did not receive CRT, including on NYHA functional
class, LVEF, and ATTR-CA stage. CRT was associated
with better HF symptoms, LVEF, and survival (40).
CRT may be of benefit in ATTR-CA patients with an
indication for pacing, particularly in those with a high
pacing burden.

VENTRICULAR ARRHYTHMIAS. Ventricular arrhyth-
mias, especially asymptomatic nonsustained ven-
tricular tachycardia, are commonly detected in
ATTR-CA. Sudden cardiac death in ATTR-CA is
thought to be uncommon, especially compared with
AL-CA, but prospective studies are lacking. Although
a number of studies (including both AL- and ATTR-
CA) have shown appropriate implantable
cardioverter-defibrillator (ICD) use in CA patients,
none have shown greater survival compared with CA
patients without ICDs (26,41-45). The incidence of
appropriate ICD use varied from 6% to 32%, although
the duration of follow-up and composition of the
cohort in each study was heterogeneous (26). Overall,
the utility of primary-prevention ICDs in ATTR-CA
remains controversial. The 2015 European Society of
Cardiology guidelines state that there are insufficient
data to provide recommendations for the use of ICDs
for primary prevention in CA (46). The 2017 American
Heart Association/American College of Cardiology/
Heart Rhythm Society guidelines recommend indi-
vidualized decision making for both primary and
secondary prevention with ICDs in CA (47). Despite
incremental data on ICDs in CA since publication of
these guidelines (41,45), the benefit of ICDs in ATTR-
CA remains unclear.

VALVULAR HEART DISEASE AND ATTR-CA

Calcific aortic stenosis (AS) is common in older adults,
with an incidence of w4% in individuals over 70 years
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of age (48). Therefore, it is not surprising that the
dual pathology of ATTRwt and aortic stenosis
frequently coexist. Approximately 15% of patients
with AS undergoing TAVR have a nuclear cardiac
scintigraphy study consistent with ATTR-CA
(5,49-52). Patients with concurrent severe AS and
ATTR-CA tend to be older, are more frequently male,
and exhibit the following echocardiographic features:
increased interventricular septal wall thickness, low
flow–low gradient AS, mildly reduced LVEF, and
lower stroke volume index, with a history of carpal
tunnel syndrome (5,51,53,54).

Emerging data suggest that TAVR is preferred to
surgical AVR in patients with concomitant ATTR-CA
and AS, observations which may be related to
greater risk associated with ATTR-CA (55,56). Surgical
and percutaneous data are limited in ATTR-CA,
although several studies have demonstrated that
TAVR has acceptable outcomes and should not be
withheld for this patient population (5,49,57,58).

Studies suggest that aortic valve intervention is
likely superior for preventing death compared with
medical therapy, but data regarding reducing
morbidity remain limited. A recent European multi-
site prospective study assessing 200 patients with
severe AS (13% with CA) demonstrated no significant
difference in mortality between lone AS and patients
with dual phenotype over a median follow-up of
19 months. Compared with medical therapy, TAVR
was associated with a significant survival benefit in
both the total cohort and the ATTR-CA subgroup (58).
Similar findings were demonstrated by Nitsche et al,
who also found that TAVR was associated with better
survival compared with medical therapy (5). It is
worth noting, however, that there was a nearly 2-fold
greater risk of mortality over a median follow-up of
1.7 years (24.5% vs 13.9%; P ¼ 0.05) in patients with
CA compared with severe AS alone, whether treated
with TAVR or with medical therapy (5). CA was
associated with greater risk for HF hospitalizations
after the procedure (49). Whether emerging therapies
for ATTR-CA can be leveraged to alter the natural
history of disease in the setting of AVR is unknown
and an area of significant interest.

Surgical and interventional data regarding mitral
and tricuspid valve disease in CA are limited. A
single-center study including w7,700 individuals
undergoing isolated or combined mitral valve surgery
from 2007 to 2016 detected amyloid in <1% of
removed tissue (n ¼ 15: 14 ATTRwt and 1 ATTRv) (59).
A small single-center case series in patients with CA
and moderate-to-severe or severe mitral regurgita-
tion compared outcomes of percutaneous mitral valve
repair (PMVR) versus conservative therapy. The
PMVR arm included 4 ATTR and 1 AL patient and the
conservative therapy arm included 2 ATTR and 5 AL
patients. The study demonstrated the technical
feasibility of percutaneous intervention in this com-
plex cohort of carefully selected CA patients without
any untoward effects on prognosis (60). Data con-
cerning tricuspid intervention in ATTR-CA are lack-
ing. Given the predominance of right heart
dysfunction in ATTR-CA, the utility of intervention
for tricuspid valve regurgitation is questionable
because tricuspid regurgitation is frequently second-
ary to RV remodeling rather than a primary valve
process (61).

MANAGEMENT OF CARRIERS OF

PATHOGENIC TTR ALLELES

There is a critical unmet need to better understand
the presymptomatic disease trajectory before the
onset of clinical ATTR-CA. Unfortunately, there are
no established imaging- or biomarker-based
screening criteria to determine whether there is CA
involvement in asymptomatic TTR mutation carriers.
The proposed natural history of penetrance described
here for carriers of pathogenic TTR alleles is shown in
Figure 2. The p.V142I mutation is the most common
cause of hereditary ATTR-CA worldwide (62). Esti-
mates suggest that p.V142I ATTR-CA may constitute
w23% of all ATTR-CA cases in the United States, and
data from population-based cohort studies suggest
that 3%-4% of individuals with African ancestry carry
the p.V142I TTR variant (62-64). Therefore, given this
variant’s relatively high prevalence in the general
population (w1.5 million carriers in the United
States), observations from p.V142I TTR carriers
enrolled in epidemiologic cohorts have provided
clues for subclinical ATTR-CA phenotypes.

The clinical penetrance of pathogenic alleles is not
100%. Data from the ARIC (Atherosclerosis Risk In
Communities) (n/N ¼ 124/3,732) and the Cardiovas-
cular Health Studies cohorts highlight that black
p.V142I TTR carriers at a median age of 52 years
(n/N ¼ 124/3,732) are at w45% higher life-time risk of
developing HF (pooled hazard ratio [HR]: 1.45; 95%
confidence interval [CI]: 1.04-2.02) than race-
matched noncarriers (median age: 53 years) (65).
Clinical penetrance is age dependent, and HF
commonly manifests after the 7th and 8th decades of
life (63,66). However, it is very likely that carriers of
pathogenic TTR variants manifest with subclinical
forms of the disease at a much younger age. For
example, a subset of the ARIC population had a
detailed echocardiography assessment 22-26 years
after enrollment (when participants were w70 years



FIGURE 2 Proposed Natural History of Penetrance in Carriers of Pathogenic TTR Variants

ATTR-CA ¼ transthyretin cardiac amyloidosis; hs-cTn ¼ high sensitivity cardiac troponin; LV ¼ left ventricular; NTproBNP ¼ N-terminal pro–B-

type natriuretic peptide; RBP4 ¼ retinol-binding protein 4; TTR ¼ transthyretin.
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old). Compared with noncarriers (n ¼ 1,187), p.V142I
TTR carriers (n ¼ 46) had greater posterior LV wall
thickness, relative wall LV thickness, E/A ratio, E/e0,
and abnormal global longitudinal strain (63). Only a
minority of those p.V142I TTR carriers had a mean LV
wall thickness >1.2 cm. The implications of this
analysis from ARIC were 2-fold: 1) that p.V142I TTR
carriers may manifest with subtle cardiac abnormal-
ities; and 2) that echocardiography with strain-based
imaging may be a useful tool to follow the develop-
ment of ATTR-CA phenotypic penetrance over time.

Observations from the Coronary Artery Risk Devel-
opment in Young Adults (CARDIA) cohort further
support the presence of a subclinical ATTR-CA
phenotype among p.V142I TTR carriers and extend
observations from ARIC to carriers in midlife (67). At a
mean age of 54 years (n ¼ 24), p.V142I TTR carriers,
compared with race-matched noncarriers (n ¼ 648),
had lower absolute LV systolic circumferential strain
and greater LV mass indexed to body surface area (67).

A key limitation of these observations from ARIC
and CARDIA is the lack of certainty that these subtle
cardiac abnormalities observed in p.V142I TTR car-
riers by echocardiography were mediated by amyloid
infiltration. There were no amyloid-specific diag-
nostic modalities, such as tissue biopsy, contrast-
enhanced cardiac magnetic resonance imaging with
parametric mapping, or bone scintigraphy, used in
these protocols. Data supporting the use of
technetium-based cardiac imaging for screening in
carriers of abnormal TTR alleles are limited. In a
single-center retrospective study of 40 patients un-
dergoing technetium-99m pyrophosphate (PYP) im-
aging to evaluate for ATTR-CA, there were 12
asymptomatic carriers of pathogenic TTR variants
(age: 51 � 15 years) (68). Despite relatively low B-type
natriuretic peptide levels (15 [interquartile range:
10-37] pg/mL) and normal interventricular septal
thickness according to echocardiography (0.9 �
0.3 cm), 10 of these asymptomatic carriers had
myocardial uptake (Perugini scale 1, 2, or 3) and an
average heart/contralateral lung ratio of 1.5 � 0.4.
Data from this study support the hypothesis that PYP
scans can detect subclinical ATTR-CA. However,
there were 2 important limitations of this study: 1) It
is unclear if myocardial uptake was confirmed by
single-photon emission computed tomography (69);
and 2) the timing between imaging acquisition and
radionuclide injection was not specified. Similar
findings have been observed with the use of other
bone radiotracers (70). However, the utility of bone
scintigraphy to detect subclinical ATTR-CA remains
in question. More information is warranted before
justifying its use, and it remains unclear as to what
degree of myocardial amyloid infiltration will trans-
late to radionuclide uptake.

Cardiac magnetic resonance (CMR) imaging may be
an attractive option to detect and quantify
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myocardial amyloid infiltration from subclinical
ATTR-CA owing to its high-quality images and tissue
characterization capabilities. Contrast-enhanced CMR
imaging shows a characteristic diffuse or patchy
pattern of subendocardial late gadolinium enhance-
ment and may be detectable in a portion of carriers of
pathogenic TTR variants in the absence of LV thick-
ening. In addition, native T1 mapping and extracel-
lular volume measurements provide incremental
diagnostic information. Altogether, these 3 CMR
techniques have acceptable diagnostic performance
estimates (w80%-93% sensitivity and specificity) to
diagnose CA in individuals with a reasonable index of
suspicion for the disease (71). However, their utility in
diagnosing subclinical ATTR-CA has not been sys-
tematically studied. Whether ventricular or atrial
strain and strain rates measured from cine CMR im-
ages using feature tracking software are helpful or not
is unknown (72,73).

Common cardiac biomarkers associated with the
development of HF in the general population, such as
cardiac troponin (cTn) and N-terminal pro–B-type
natriuretic peptide (NT-proBNP), do not distinguish
asymptomatic carriers of pathogenic TTR variants
from noncarriers well (63). Although both biomarkers
are elevated in clinical ATTR-CA and may increase
over time (63,74), cTn and NT-proBNP may be in the
normal range in asymptomatic carriers, with limited
utility for identifying subclinical ATTR-CA.

Transthyretin-specific biomarkers, such as circu-
lating TTR and retinol binding protein 4 (RBP4), may
be more promising alternatives to cTn and NT-
proBNP. Circulating TTR levels, for example, parallel
TTR kinetic stability and are indicative of amyloido-
genesis. In a small study, 47 p.V50M TTR carriers had
plasma levels of TTR measured and compared with
noncarriers (75). The p.V50M TTR carriers had
significantly lower average TTR levels than non-
carriers (16.8 vs 22.0 mg/dL; P ¼ 0.005). Retinol-RBP4
complexes bind to TTR and stabilize the tetramer,
preventing TTR disassembly and amyloidogenesis
(76). However, whether circulating RBP4 provides
incremental diagnostic insight to uncover subclinical
ATTR-CA is unknown.

A portion of individuals with ATTR-CA will have
comorbid amyloid polyneuropathy. As such, plasma
neurofilament light chains (NfL), markers of neuro-
axonal injury that can detect the onset of clinical
neuropathy before the emergence of significant clin-
ical disability, may be useful biomarkers. In a recent
study (77), plasma NfL levels were higher in in-
dividuals with pathogenic TTR alleles compared with
control subjects and correlated with the degree of
clinical neuropathy impairment. Whether plasma NfL
levels are a useful biomarker beyond detecting neu-
ropathy to identify ATTR-CA development for in-
dividuals with a more predominant cardiac
phenotype is unknown.

The status quo as it pertains to the timing of
screening carriers for subclinical ATTR-CA is to
establish the predicted age of onset of symptomatic
disease, as recommended by a recent consensus task
force composed of a group of TTR amyloid experts.
That age is estimated from the typical age of onset for
ATTR-CA and the age of onset from family members
with ATTR-CA. Once determined, this task force rec-
ommended monitoring 10 years before this date (78).
These recommendations may be more pertinent for
age-similar siblings of a proband, who are at higher
risk for developing ATTR-CA than children. However,
many questions remain, and these recommendations
need validation. Genetic testing has the capacity to
identify TTR variant carriers in the prepenetrant
phase with the potential to identify at-risk in-
dividuals. Such a strategy would have the capacity to
mitigate undiagnosed ATTR-CA in p.V142I TTR car-
riers (79). Nevertheless, the follow-up diagnostic
testing strategies and their frequencies to monitor
subclinical disease progression need clarification
(Table 2). Furthermore, whether contemporary ATTR-
CA therapies are beneficial and cost-effective in
treating subclinical ATTR- CA needs to be delineated.

TREATMENT STRATEGIES AND SPECIFIC

DISEASE-MODIFYING THERAPEUTICS

There are currently 2 main therapeutic strategies that
have shown to be effective for the treatment of ATTR-
CA: 1) stabilizing the TTR protein by targeting the
rate-limiting step of TTR degradation; and 2)
silencing the production of TTR. In addition, there are
several agents in the early stages of development,
such as extractors/degraders, antiseeding therapies,
and inhibitors of TTR aggregation.

TRANSTHYRETIN STABILIZATION. Diflunisal is a
nonsteroidal antiinflammatory agent with TTR stabi-
lizing properties. It acts by binding to the T4-binding
sites at the dimer-dimer interface on the trans-
thyretin tetramer, thus preventing the rate-limiting
dissociation of TTR and subsequent misfolding into
amyloidogenic monomers and oligomers. Diflunisal is
associated with adverse effects including gastroin-
testinal hemorrhage, renal dysfunction, fluid reten-
tion, and hypertension. However, given that the dose
used for the treatment of ATTR-CA (250 mg twice
daily) is lower than that recommended for



TABLE 2 Cardiac Modalities for Assessing Progression in ATTR Cardiomyopathy

Testing Modality Strengths Weaknesses Comments

Serum biomarkers � Readily available
� Low cost

� Not specific � Baseline assessment of NT-proBNP, cardiac troponin, and estimated
glomerular filtration rate have been validated in risk prediction models
(55,110)

� Changes in NT-proBNP may be helpful to monitor disease progression,
but data remain limited (8)

� Lower baseline serum TTR concentration is associated with mortality in
ATTRwt; over time, decreasing serum TTR levels correspond to wors-
ening cardiac function (111)

Electrocardiography
(ECG)

� Readily available
� Low cost

� Not sensitive or specific
for screening (17)

� Unclear role of serial ECG monitoring for disease progression

Holter monitoring � Readily available � Consider repeating with disease progression owing to high rates of
conduction system disease, atrial and ventricular tachyarrhythmias

� Prevalence of atrial fibrillation is high: 5%-28% for ATTRv and 27%-71%
for ATTRwt (24,25,27-29,112,113)

Echocardiography � Readily available � Findings are not specific
for CA

� Cannot differentiate be-
tween ATTR and AL

� Appropriate to repeat in ATTR-CA with worsening cardiac symptoms (7)
� Parameters associated with worse prognosis include low global longi-

tudinal strain, abnormal early mitral inflow, low myocardial performance
index, low myocardial contraction fraction, and low stroke volume index;
however, there is no formal staging system that uses echocardiographic
parameters (8)

Nuclear pyrophosphate
(PYP) scan

� Technically straightforward
acquisition

� Allows for noninvasive
diagnosis of ATTR-CA

� False positives/negatives
if performed incorrectly
(9)

� Radiation exposure

� Appropriate to repeat in ATTR-CA with worsening cardiac symptoms (7)
� Degree of uptake correlates with LV wall thickness and mass, troponin T,

NT-proBNP, and ECG, and negatively with LVEF (8)
� H/CL ratio of 1.6 is associated with higher mortality (114)
� Serial PYP scanning may not correlate with clinical progression; more

data are needed on serial PYP (115)

Cardiac magnetic
resonance imaging

� Reference standard for LVEF
and mass assessment

� Good signal-to-noise ratio
� No shape assumptions
� Tissue characterization

� High cost
� Not widely available
� Cannot differentiate be-

tween ATTR and AL

� Appropriate to repeat in ATTR-CA with worsening cardiac symptoms (7)
� Late gadolinium enhancement (LGE) pattern classic for CA has sensitivity

w85% and specificity w90%
� LGE pattern progressing from normal to subendocardial to transmural

may indicate progressive disease (8)
� Native T1 mapping and extracellular volume may track amyloid burden

over time (8), although extracellular volume may be more predictive
than T1 in ATTR-CA

� T2 mapping may also emerge as a predictor of prognosis, but data in
ATTR-CA are lacking

Cardiac positron-
emission
tomography

� Potential to image amyloid
in other organs and quan-
tify load in body

� High cost
� Not widely available
� Radiation exposure
� Cannot differentiate be-

tween ATTR and AL

� 11C-PIB, 18F-florbetapir, and 18F-florbetaben have been tested in pilot
studies for CA, although more data are needed (8) and current utility in
the clinical setting is not well defined

AL ¼ light-chain amyloid; ATTR ¼ transthyretin amyloid; ATTRv ¼ variant transthyretin cardiac amyloidosis; ATTRwt ¼ wild-type transthyretin cardiac amyloidosis; CA ¼ cardiac amyloidosis; H/CL ¼ heart/
contralateral; LVEF ¼ left ventricular ejection fraction; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide; TTR ¼ transthyretin.
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antiinflammatory activity, it is often well tolerated. In
a study of 130 patients with familial amyloid poly-
neuropathy who were randomized to 250 mg diflu-
nisal twice daily or placebo for 2 years, diflunisal
reduced the rate of progression of polyneuropathy
(neuropathy impairment score plus 7 increased by 8.7
vs 25.0 points for diflunisal vs placebo, respectively;
P < 0.001) and preserved quality of life (80).
Furthermore, it appears to have therapeutic benefit in
slowing the progression of ATTR-CA in stable HF pa-
tients (81). Treatment with diflunisal should include
regular monitoring of renal function and clinical
evaluation for worsening HF symptoms and gastro-
intestinal bleeding.

Tafamidis (Vyndamax/Vyndaqel, Pfizer) is an
orally bioavailable benzoxazole derivative that,
similar to diflunisal, stabilizes the TTR tetramer by
binding to the T4-binding sites but lacks nonsteroidal
antiinflammatory activity. The ATTR-ACT (Safety and
Efficacy of Tafamidis in Patients With Transthyretin
Cardiomyopathy) trial was a randomized double-
blind study that enrolled 441 subjects to 80 mg or
20 mg tafamidis or placebo daily (82). The trial
demonstrated an absolute reduction of 13.4% in all-
cause mortality in the pooled tafamidis cohort
compared with placebo (29.5% vs 42.9%) and a 32%
lower risk of cardiovascular hospitalizations for
NYHA functional class I or II HF by 30 months.
However, those with NYHA functional class III HF
symptoms had higher rates of cardiovascular hospi-
talizations with tafamidis compared with placebo,
reinforcing the necessity of early diagnosis and



Griffin et al J A C C : C A R D I O O N C O L O G Y , V O L . 3 , N O . 4 , 2 0 2 1

ATTR Amyloid Management Strategies O C T O B E R 2 0 2 1 : 4 8 8 – 5 0 5

498
treatment. Secondary end points demonstrated a
reduction of the decline in 6-minute walk test
(6MWT) distance and a lower rate of decline in quality
of life as assessed by the Kansas City Cardiomyopathy
Questionnaire. Subsequent analysis of the ATTR-ACT
trial found that reduction in all-cause mortality was
greater for 80 mg tafamidis than for the 20 mg dose,
compared with placebo, without dose-related safety
concerns, leading to it becoming the preferred dosing
option (83). In May 2019, tafamidis became the first
ATTR-CA therapy to be approved by the US Food and
Drug Administration for the treatment of ATTR-CA. It
is available as tafamidis meglumine 20 mg capsules
(dose 80 mg daily) and tafamidis 61 mg free acid
capsules, the latter developed for patient conve-
nience. These 2 formulations are bioequivalent
though not substitutable on a per mg basis (84).

Acoramidis (AG10, Eidos Therapeutics) mimics the
structural stabilizing properties of the TTR variant
p.T139M. This highly stabilizing variant protects
against the development of familial amyloid
polyneuropathy in those heterozygous for the
disease-causing p.V50M variant (85) by slowing the
dissociation of TTR tetramers. The p.T139M mutation
stabilizes the TTR tetramer by forming hydrogen
bonds between neighboring serine residues at posi-
tion 137 of each monomer and reduces the dissocia-
tion of TTR w40-fold compared with ATTRwt
(86). The potency and selectivity of acoramidis ap-
pears to exceed that of tafamidis and diflunisal, as
shown by Penchala et al (87): 1) Acoramidis binds
more selectively to serum TTR than diflunisal, tafa-
midis, or TTR’s natural ligand, T4; 2) it appears to
provide enhanced stabilization of TTR over tafamidis;
and 3) in contrast to tafamidis, it kinetically stabilizes
TTR tetramers of the variant p.V142I equally well as
wild-type TTR. In a phase 2 study, there was near
complete stabilization of TTR at peak and trough
serum acoramidis levels (>90%) and a >50% increase
in serum TTR levels at 28 days in those taking 800 mg
acoramidis twice daily vs placebo (88). The Eidos
AG10 study (ATTRIBUTE-CM) is a phase 3 trial with a
planned enrollment of 510 subjects with ATTR-CA in a
2:1 ratio to 800 mg acoramidis or placebo twice daily
for 30 months (NCT03860935). The co-primary end
points are change in 6MWT distance at 12 months and
all-cause mortality and frequency of cardiovascular-
related hospitalizations over a 30-month period.
SILENCING TTR PRODUCTION. Silencing of the TTR
protein is facilitated by 2 treatments: 1) antisense
oligonucleotides (ASOs); and 2) small interfering RNA
molecules (siRNA). ASOs are single-stranded amphi-
pathic molecules that are broadly distributed in the
body after administration and bind to proteins in the
serum, on the cell surface, and within cells. Within
the nucleus of the target cell, the ASO binds to target
mRNA and via the endonuclease, RNase H2, initiates
mRNA degradation (89). siRNAs are double-stranded
oligonucleotides containing sense and antisense
strands, the former acting as a drug delivery device
and the latter being the active moiety. They are pol-
yanionic and hydrophilic and as such require formu-
lation in lipid nanoparticles or conjugation to delivery
systems for effective tissue delivery. Once within the
cytoplasm, the antisense strand is loaded onto Ago2,
creating a complex that then binds to the target
mRNA to form the RNA-induced silencing complex
with subsequent degradation of the mRNA (89).
Given that the main function of TTR is to transport
retinol, vitamin A supplementation must be taken by
those receiving silencer therapy. However, serum
levels of vitamin A in patients on silencer therapy do
not reflect total body stores and should not be used to
adjust the supplement dosage.
F i rs t -generat ion agents . Inotersen (Tegsedi,
Akcea Therapeutics) is a 20-O-methoxyethyl-modified
phosphorothioate ASO. The 20-phosphorothioate
modification enhances nuclease resistance and pro-
tein binding, thus enhancing the potency and phar-
macokinetic properties of inotersen (90). In the
NEURO-TTR (Efficacy and Safety of Inotersen in Fa-
milial Amyloid Polyneuropathy) trial (NCT01737398),
300 mg inotersen once weekly via subcutaneous in-
jection stabilized neuropathy and quality of life in
patients with ATTRv with polyneuropathy with or
without cardiac involvement (91). However, serious
adverse events included glomerulonephritis in 3%,
severe thrombocytopenia (platelet count <25 � 103/
mL) in 3%, and 1 death due to intracranial hemorrhage.
In the open-label extension (OLE) (NCT02175004),
with enhanced monitoring, 29.4% of the inotersen-
inotersen group and 46% (23/50) of the placebo-
inotersen group experienced thrombocytopenia
to <100 � 103/mL (92). There were no cases of platelet
counts <25 � 103/mL or acute glomerulonephritis in
the OLE. A single-center study of 33 patients with
NYHA functional class I-III ATTR-CA treated with
inotersen, showed improvement in mean LV mass on
CMR imaging (�8.4%) and increase in exercise toler-
ance as measured by 6MWT (þ20.2 m) at 2 years (93).
Although inotersen remains commercially available,
it is no longer being studied in clinical trials for ATTR-
CA owing to the development of longer-acting ASOs
with more favorable side-effect profiles.

Patisiran (Onpattro, Alnylam Pharmaceuticals) is
an siRNA formulated as a lipid nanoparticle to facili-
tate hepatic uptake. The ALN-TTR02 (Study of an
Investigational Drug, Patisiran), for the APOLLO

https://clinicaltrials.gov/ct2/show/NCT03860935
https://clinicaltrials.gov/ct2/show/NCT01737398
https://clinicaltrials.gov/ct2/show/NCT02175004
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(Treatment of Transthyretin [TTR]–Mediated
Amyloidosis) phase 3 trial randomized 225 patients
with ATTR familial amyloid polyneuropathies and
NYHA functional class I-II 2:1 to receive patisiran
(0.3 mg/kg every 3 weeks) or placebo (94). At
18 months, progression of neuropathy was halted or
reversed in the patisiran group. Furthermore, in the
predefined cardiac subpopulation (n ¼ 126), defined
as baseline LV wall thickness $13 mm and no history
of hypertension or aortic valve disease, patisiran
reduced mean LV wall thickness, decreased global
longitudinal strain (�1.4%), and lowered NT-proBNP
at 18 months (95). A post hoc analysis of APOLLO
demonstrated a reduction of 46% in cardiac hospi-
talizations and all-cause mortality in those random-
ized to patisiran compared with placebo. Further
evidence that patisiran may play a role in regression
of ATTR cardiac amyloid burden was provided by
Fontana et al (96). In that study of 16 patients
with ATTRv who received patisiran with or
without diflunisal, patisiran was associated with a
reduction in extracellular volume on CMR by a mean
difference of 6.2% at 12 months compared with
untreated historical controls, although there was
a considerable variation between subjects. The
APOLLO-B (Study to Evaluate Patisiran in Participants
With Transthyretin Amyloidosis With Cardiomyopa-
thy; NCT03997383) is a phase 3 trial with a targeted
enrollment of 300 patients with ATTR-CA (excluding
NHYA functional class IV) randomized 1:1 to patisiran
or placebo. The study consists of a 12-month double-
blind placebo-controlled period, followed by a 12-
month open-label period in which all participants
will receive patisiran. The primary outcome is
change from baseline at month 12 in the 6MWT.
All study subjects must be premedicated with
acetaminophen, dexamethasone, and H1- and H2-
antagonists before infusion owing to the proin-
flammatory nature of the lipid nanoparticle delivery
system.
Second-generation agents. Vutrisiran (ALN-TTRSCO2,
Alnylam Pharmaceuticals) is a second-generation
siRNA that, in contrast to patisiran, is conjugated to
N-acetyl galactosamine (GalNAc). GalNAc has a high
affinity for the asialoglycoprotein receptor (ASGPR),
which is found in high concentrations on hepatocytes,
thus targeting the liver for uptake. It is administered as
a 25 mg subcutaneous injection every 3 months and,
because there is no lipid nanoparticle in the formula-
tion, premedication is not required. In a phase 1 study,
vutrisiran caused a reduction in TTR levels of 83%
at 6 weeks, which was sustained for 90 days (95).
HELIOS-B (A Study to Evaluate Vutrisiran in
Patients With Transthyretin Amyloidosis With Car-
diomyopathy; NCT04153149) is a phase 3 clinical trial
of w600 patients with NYHA functional class I-III
ATTR-CA randomized 1:1 to vutrisiran or placebo. A
subset of patients enrolled in this trial will be
permitted to concurrently take the TTR stabilizer
tafamidis. The study duration will be 30-36 months
with a composite primary end point of all-cause mor-
tality and recurrent cardiovascular events.

AKCEA-TTR-LRx (ION 682884, Akcea Therapeu-
tics) is a ligand (conjugated to GalNAc)–conjugated
ASO, targeted to the ASGPR on hepatocytes. Thus,
ION-682884 has enhanced liver uptake over its pre-
decessor, inotersen, with which it shares the same
base sequence. Phase 1 studies (NCT03728634)
demonstrated a 51-fold greater potency and 27-fold
lower exposure at a dose of 45 mg monthly via sub-
cutaneous injection, achieving an 85.7% mean
reduction in plasma TTR levels without the prob-
lematic adverse effects of inotersen (97). Cardio-
TTRansform (A Study to Evaluate the Efficacy and
Safety of AKCEA-TTR-LRx in Participants With
Transthyretin-Mediated Amyloid Cardiomyopathy;
NCT04136171) is a phase 3 trial in which 750 patients
with ATTR-CA will be randomized 1:1 to ION-682884
monthly or placebo every 4 weeks. The primary end
point will be a composite of cardiovascular mortality
and recurrent cardiovascular clinical events at
120 weeks, with frequent clinical monitoring.

NOVEL APPROACH TO TTR KNOCKDOWN

CRISPR stands for clusters of regularly interspaced
short palindromic repeats, and Cas9 is CRISPR-
associated protein 9. CRISPR-Cas9 is a gene-editing
approach in which target DNA can be permanently
modified or repaired. This technology consists of 2
components, a Cas9 protein that recognizes the target
DNA and performs double-strand cleavage and a guide
RNA that directs the Cas9 protein to a specific target
DNA sequence. This process results in: 1) induction of
the cell’s natural repair process to correct the muta-
tion; and 2) deletion of themutation- (nonhomologous
end joining) or homology-directed repair via the RNA
template provided. NTLA-2001 (Intellia Therapeutics,
Cambridge, and Regeneron Pharmaceuticals), an
intravenous infusion, is being evaluated in a phase 1
study in patients with hereditary ATTR with poly-
neuropathy (NCT04601051). NTLA-2001 uses a lipid
nanoparticle to deliver guide RNA andmessenger RNA
encoding the Cas9 protein with the aim of producing a
single administration curative treatment for ATTR.
Animal data demonstrated that a single dose of NTLA-

https://clinicaltrials.gov/ct2/show/NCT03997383
https://clinicaltrials.gov/ct2/show/NCT04153149
https://clinicaltrials.gov/ct2/show/NCT03728634
https://clinicaltrials.gov/ct2/show/NCT04136171
https://clinicaltrials.gov/ct2/show/NCT04601051


TABLE 3 Therapies for the Treatment of Transthyretin Cardiac Amyloidosis

Drug
Phase

of Study Mechanism Dose/Route Monitoring Side effects
Efficacy/Primary

Outcomes
Annual

List Price

Stabilizers

Diflunisal Phase 2/3 Binds to T4-binding
site

250 mg oral twice
daily

CBC and BMP
every 3 mo

1) Renal dysfunction;
2) Bleeding;
3) Hypertension;
4) Fluid retention

Safety and efficacy $420

Tafamidis
meglumine
(Vyndaqel);

Tafamidis free acid
(Vyndamax)

Approved for ATTRwt
and ATTRv

Benzoxazole
derivative of
NSAID, binds to
T4-binding site on
TTR

80 mg (4 � 20 mg)
oral daily
(Vyndaqel);

61 mg oral daily
(Vyndamax)

No monitoring
required

No known side-effects or
interactions

Tafamidis superior to
placebo: 1) lower
all-cause mortality
(29.5% vs 42.9%);
NNT: 7.5; 2) lower
CV-related
hospitalizations;
NNT: 4

$225,000

Acoramidis/AG10 Phase 3 in ATTRwt
and ATTRv
(ATTRIBUTE-CM;
NCT03860935)

Forms hydrogen
bonds between
neighboring
serine residues at
position 117 of
each monomer,
mimicking activity
of Thr119Met

800 mg oral twice
daily

TBD No known side-effects or
interactions

1) Change in 6MWT at
12 mo; 2) all-cause
mortality and CV-
related
hospitalizations at
30 mo

TBD

Knockdown/silencing TTR

Inotersen (Tegsedi) Phase 2
(NCT03702829);
not being pursued
for ATTR-CA

20-O-methoxyethyl-
modified
phosphorothioate
antisense ASO,
binds to target
mRNA in liver and
initiates mRNA
degradation

300 mg SC once
weekly, plus
3,000 IU
vitamin A daily

CBC, BMP,
urinalysis
every 2 wk

1) 3% thrombocytopenia;
2) 3% glomerulonephritis;
3) Vitamin A deficiency

Echocardiographic
strain imaging
compared with
baseline at 6 mo

w$450,000

Patisiran (Onpattro) Phase 3 (APOLLO-B;
NCT03997383)

siRNA, targets the 30

untranslated
region of TTR
mRNA in the liver
to form the RNA-
induced silencing
complex,
initiating mRNA
degradation

0.3 mg/kg IV
infusion every
3 wk (max dose
30 mg), plus
3,000 IU
vitamin A daily;
premedications
for infusion:
steroids IV, APAP,
and H1- and H2-
blockers

TBD 1) Infusion reactions;
2) Vitamin A deficiency

Change in 6-MWT from
baseline to 12 mo

w$450,000

Vutrisiran Phase 3 (HELIOS-B;
NCT04153149)

siRNA conjugated to
GalNAc, targets
TTR mRNA in the
nucleus and
initiates
degradation via
RNaseH2

25 mg SC every 12
wk, Plus 3,000
IU vitamin A
daily; no
premedications
required

TBD Vitamin A deficiency Composite outcome of
all-cause mortality
and recurrent CV
hospitalizations at
30-36 mo

TBD

AKCEA-TTR-LRx/
ION 682884

Phase 3 (Cardio-
TTRansform;
NCT04136171)

ASO conjugated to
GalNAc, same
backbone as
inotersen, similar
mechanism of
action, enhanced
liver uptake,
51-fold greater
potency, 27-fold
lower exposure to
drug than
predecessor

45 mg SC every 4
wk, plus 3,000
IU vitamin A
daily; no
premedications
required

TBD Vitamin A deficiency Composite of CV
mortality and
frequency of CV
clinical events at
120 wk

TBD

Emerging agents for
degradation/extraction

PRX-004 Phase 1
(NCT03336580)

Intravenous
monoclonal
antibody, clears
amyloid deposits
by binding to
misfolded TTR,
not to native TTR

IV every 28 d n/a n/a Dose escalation study
to determine safety,
tolerability, PK, and
PD

n/a

NI006 Phase 1
(NCT04360434)

Recombinant IgG1
human
monoclonal
antibody, targets
misfolded and
aggregated form
of TTR

IV every 28 d n/a n/a Dose escalation study
to determine safety,
tolerability, PK, and
PD

n/a

Continued on the next page
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TABLE 3 Continued

Drug
Phase

of Study Mechanism Dose/Route Monitoring Side effects
Efficacy/Primary

Outcomes
Annual

List Price

Anti-SAP
monoclonal
antibody and
CPHPC
(Dezamizumab)

Phase 2
(NCT03044353);
failed to show
improvement in
cardiac amyloid
burden

Synergism of CPHPC,
which clears 90%
of circulating
SAP, and IgG anti-
SAP antibody,
which binds to
SAP in amyloid
deposits,
initiating a
complement-
dependent
phagocytic
clearance of
residual deposits

CPHPC IV daily for
up to 3 d, then
anti-SAP
antibody IV on
days 1 and 3,
plus 60 mg
CPHPC 3 times
daily on
days 1-11

n/a n/a Safety and efficacy n/a

6MWT ¼ 6-minute walk test; APAP ¼ acetaminophen; ASO ¼ antisense oligonucleotide; ATTRv ¼ variant transthyretin cardiac amyloidosis; ATTRwt ¼ wild-type transthyretin cardiac amyloidosis;
BMP ¼ basic metabolic panel; CBC ¼ complete blood count; CPHPC ¼ (R)-1-[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl]pyrrolidine-2-carboxylic acid; CV ¼ cardiovascular; GalNAc ¼ N-acetyl
galactosamine; IV ¼ intravenous; LFT ¼ liver function test; NNT ¼ number needed to treat; NSAID ¼ nonsteroidal antiinflammatory drug; PD ¼ pharmacodynamics; PK ¼ pharmacokinetics; SAP ¼ serum
amyloid P component; SC ¼ subcutaneous; siRNA ¼ small interfering ribonucleic acid; TBD ¼ to be determined.
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2001 achieved>97% knockdown inmouse TTR protein
at 12 months (98).

AMYLOID EXTRACTION/DEGRADATION

PRX-004 (Prothena Biosciences) is an intravenous
monoclonal antibody that binds to misfolded TTR
amyloid but not to native circulating TTR, thus
clearing amyloid deposits in the myocardium. In a
phase 1 study of 21 patients with ATTRv (excluding
NHYA functional class III-IV), PRX-004 was found to
be safe and well tolerated without serious adverse
events (NCT03336580) (99). In the 7 patients who
received 9 months of therapy, there was improve-
ment in global longitudinal strain of 1.2% from
baseline.

NI006 (Neurimmune) is a recombinant IgG1 human
monoclonal antibody that targets misfolded and
aggregated forms of both ATTRwt and ATTRv.
A first-in-human study to evaluate the safety and
efficacy of NI006 in patients with ATTR-CA is
currently enrolling (NCT04360434).

Serum amyloid P component (SAP) is a nonfibrillar
plasma glycoprotein formed in the liver that binds to
all amyloid fibril types. Based on this, SAP has
become a target for clearance of amyloid deposits.
Bodin et al demonstrated that the administration of
IgG anti-SAP antibody in mice containing human SAP
resulted in a complement dependent, phagocytic
clearance of amyloid deposits (100). When
administered following a small-molecule drug, (R)-1-
[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl]
pyrrolidine-2-carboxylic acid (CPHPC), that reduces
circulating SAP by over 90%, anti-SAP antibody tar-
gets and clears residual amyloid deposits (100). A
phase 1 study in which patients received CPHPC
followed by IgG anti-SAP antibody showed a reduc-
tion in liver stiffness and decrease in renal amyloid
load at 6 weeks; however, those with cardiac
involvement were excluded (NCT01777243) (101). A
phase 2 study of the anti-SAP antibody dezamizumab
failed to show an improvement in cardiac amyloid
burden in ATTR-CA (NCT03044353) and is no longer
under investigation owing to the unfavorable risk-
benefit profile.

OTHER EMERGING THERAPIES

Amyloid seeding refers to the deposition of native
transthyretin onto preformed amyloid fibrils in the
organ and soft tissues. As such, despite the use of TTR
stabilizing therapy, seeding of native tetramers may
continue in the presence of significant amyloid
burden. TabFH2 is a peptide inhibitor that caps the
tips of the F and H beta-strands, the primary
drivers of fibril aggregation (102), thereby inhibiting
self-association and seeding. Although this remains
an experimental therapy, it could play a role in the
treatment of patients with significant cardiac amyloid
burden, thus preventing further deposition.

OTHER AGENTS

Doxycycline has been found to disrupt TTR fibrils in
transgenic mice, resulting in a reduction in amyloid
associated markers such as SAP and matrix metal-
loproteinase 9. Ursodiol and its taurine conjugate,
taursodeoxycholic acid, are effective in lowering
nonfibrillar TTR and have been found to act syner-
gistically with doxycycline. Several small studies
of these agents in ATTR-CA have found no
demonstrable benefit, and there is a high rate of

https://clinicaltrials.gov/ct2/show/NCT03336580
https://clinicaltrials.gov/ct2/show/NCT04360434
https://clinicaltrials.gov/ct2/show/NCT01777243
https://clinicaltrials.gov/ct2/show/NCT03044353
https://clinicaltrials.gov/ct2/show/NCT03044353
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discontinuation of therapy owing to gastrointestinal
and dermatologic side-effects (103,104).

Epigallocatechin-3-gallate (EGCG) is a catechin
found in green tea that has been shown to inhibit
fibril formation in ATTRv in nonhuman animal
studies. In a single-center study of 19 patients with
ATTR-CA who consumed 500-700 mg EGCG daily for
12 months, there was no progression of disease, as
shown by a mean decrease in LV myocardial mass of
12.5% and an increase in mean mitral annular velocity
of 9%, in 14 of those available for follow-up, sugges-
tive of an inhibitory effect on progression of CA (105).
Others have suggested similar but modest change in
cardiac parameters, though notably all were single-
arm small studies (106).

Curcumin appears to have neuroprotective effects
in ATTR, acting as a TTR stabilizer at the T4-binding
site. In mouse models with human TTR p.V50M,
chronic administration of curcumin resulted in
reduction of tetramer dissociation and inhibited ag-
gregation of amyloid fibrils (107). Curcumin also ap-
pears to trigger disaggregation of amyloid fibrils and
promote clearance (107). The short half-life and limited
tolerability of curcumin at high doses make it unsuit-
able for therapeutic use; however, novel formulations
with greater bioavailability are being developed.

COST OF THERAPY

Although the emergence of ATTR-targeted therapies
has resulted in significant improvement in morbidity
and mortality, the cost of these novel agents must be
taken into consideration (Table 3). The annual cost of
tafamidis is $225,000/year, making it the most
expensive cardiovascular drug on the market in the
U.S. A cost-effectiveness analysis, showed that a
92.6% reduction of list price (to $16,563/year) would
be required to make tafamidis cost-effective (108).
This study also estimated that annual U.S. health care
costs could increase by $32.3 billion if all those with
ATTR-CA are treated with tafamidis (108).
Unfortunately, the high cost of these novel agents
creates a barrier to care and makes them inaccessible
to many already disadvantaged patients (108,109).

SUMMARY AND CONCLUSIONS

ATTR-CA, previously thought to be a rare condition,
has emerged as an important cause of atrial arrhyth-
mias, conduction system disease, and HF. Rapidly
expanding targeted therapies are now available and
provide an opportunity to alter the natural history of
this progressive disorder. In subsets of patients, such
as ATTRv carriers or those diagnosed due to carpal
tunnel syndrome, spinal stenosis, or other extrac-
ardiac manifestations, early identification and ther-
apy may prevent the development of HF (Central
Illustration).
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