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Cardiac amyloidosis represents a unique disease process characterized by amyloid fibril deposition within the myocardial

extracellular space. Advances in multimodality cardiac imaging enable accurate diagnosis and facilitate prompt initiation

of disease-modifying therapies. Furthermore, rapid advances in multimodality imaging have enriched understanding of

the underlying pathogenesis, enhanced prognostication, and resulted in the development of imaging-based markers that

reflect the amyloid burden, which is of increasing importance when assessing the response to treatment. Whereas

conventional therapies have focused on reducing amyloid formation and subsequent stabilization of the cardiac disease

process, novel agents are being developed to accelerate the immune-mediated removal of amyloid fibrils from the heart.

In this context, the ability to track changes in the amyloid burden over time is of paramount importance. Although

advanced imaging techniques have shown efficacy in tracking the treatment response, future research focused on

improved precision through use of artificial intelligence may augment the detection of changes earlier in the course of

treatment. (JACC Cardiovasc Imaging. 2025;18:478–499) © 2025 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/).
A myloidosis is a clinical disease process char-
acterized by the deposition of amyloid fibrils
within the extracellular space of various or-

gans. Amyloid fibrils are formed when proteins with
an unstable tertiary structure misfold into insoluble
beta-pleated sheets, resistant to proteolysis, that sub-
sequently aggregate and deposit within the
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extracellular matrix. Disease occurs when the accu-
mulation of amyloid fibrils disrupts the structure,
integrity, and function of the affected organ.1

Cardiac amyloidosis (CA) occurs when amyloid fi-
brils accumulate within the myocardium, causing
interruption and distortion of myocardial contractile
elements. The overwhelming majority of CA cases
https://doi.org/10.1016/j.jcmg.2024.10.011

Free Campus, Rowland Hill Street, London, United

, Cardiovascular Division, Brigham and Women’s

SU Center for Hypertrophic Cardiomyopathy and

ce, University College London, United Kingdom;

and Clinic, Cleveland, Ohio, USA; fSection of

ston University School of Medicine, Boston Medical

s, Mayo Clinic, Rochester, Minnesota, USA; hHealth

and the iFondazione Toscana Gabriele Monasterio,

es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

3, 2024, accepted October 11, 2024.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jcmg.2024.10.011
https://www.jacc.org/author-center
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmg.2024.10.011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


AB BR E V I A T I O N S

AND ACRONYM S

AL-CA = light-chain cardiac

amyloidosis

ATTR-CA = transthyretin

cardiac amyloidosis

CA = cardiac amyloidosis

CMR = cardiac magnetic

resonance

ECV = extracellular volume

FLC = free light chains

LGE = late gadolinium

enhancement

LV = left ventricular

PET = positron emission

graphy
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result from misfolded light-chain (light-chain
amyloidosis [AL]) and transthyretin (transthyretin
amyloidosis [ATTR]) proteins,2,3 although less com-
mon causes such as apolipoprotein AI amyloidosis
(AApoAI) and apolipoprotein AIV amyloidosis
(AApoAIV) are increasingly being recognized.4

Despite differences in prevalence, clinical phenotype,
prognosis, and treatment strategies across this
heterogenous group of diseases, cardiac involvement
is consistently the leading cause of morbidity and
mortality.2-4

Systemic AL amyloidosis occurs as the result of
deposition of misfolded monoclonal immunoglobulin
light-chains, produced by an abnormal clonal prolif-
eration of plasma cells. AL-amyloid fibrils can infil-
trate multiple different organs; therefore, the disease
can present with a wide array of signs and symptoms.
The nonspecific clinical presentation, coupled with a
limited index of suspicion outside of specialist cen-
ters, often results in a delayed diagnosis, which, in
the context of cardiac involvement, can have devas-
tating consequences with a median survival of
6 months in patients with advanced cardiac disease
without treatment.1

Transthyretin (TTR) is a tetrameric protein that
participates in the plasma transport of both thyroxine
and retinol. It is synthesized by the liver and by
choroid plexus and disease occurs when it dissociates
into oligomers and monomers that subsequently
misfold into pathogenic ATTR-amyloid insoluble fi-
brils. In vivo fragmentation of TTR by endogenous
proteases has also been implicated in the formation of
amyloid fibrils. Aberrant proteolysis results in the
formation of large fragments that are more unstable
than the parent protein and display a greater ten-
dency to form self-aggregating intermediates that
subsequently form amyloid fibrils.3 The misfolding
can occur secondary to an inherited, autosomal
dominant single point mutation in the TTR gene,
known or variant (ATTRv), or via an acquired process
associated with aging through unknown exact
mechanism known as wild-type ATTR (wtATTR).
wtATTR is a condition of older, predominantly male
individuals; whereas ATTRv presents at various ages
depending on the specific mutation, with either a
prevalent neuropathic, cardiac, or a mixed clinical
phenotype comprised of a cardiomyopathy and
length-dependent, small fiber, peripheral sensori-
motor, and autonomic neuropathy. TTR variants are
endemic to certain areas with the p.(Val50Met)
variant being most common in Europe and the
p.(Val142Ile) variant thought to be carried by up to 3%
to 4% of African Americans.5,6 In contrast to systemic
AL amyloidosis, in ATTR-CA disease progression
occurs at a slower rate, with a median sur-
vival of 3 to 5 years without treatment.7

The recognition of ATTR-CA, and in
particular wtATTR-CA, has increased sub-
stantially in recent years. Increasing aware-
ness among clinicians, coupled with
advancements in multimodality cardiac im-
aging techniques, has resulted in a dramatic
increase in diagnoses, with ATTR-CA ac-
counting for 6% to 16% of older patients
presenting with heart failure and increased
left ventricular (LV) wall thickness, as well as
concurrently identified in those undergoing
valve replacement for severe aortic steno-
sis.8-11

Improvements in multimodality cardiac

imaging has not only augmented diagnostics but also
enhanced our understanding of the underlying
pathophysiology, enabled more accurate assessments
of an individual’s CA burden, and aided prognosti-
cation with development toward disease progression
and therapeutic efficacy.

DIAGNOSIS AND QUANTIFICATION OF THE

AMYLOID BURDEN

ECHOCARDIOGRAPHY. Echocardiography is the
most widely available cardiac imaging modality. It is
uniquely positioned to characterize cardiac structure
while simultaneously assessing systolic and diastolic
function; thus, it represents a crucial first-line
investigation in patients with heart failure. CA is
characterized by biventricular wall thickening and
stiffening of the myocardium resulting in impaired
relaxation (Figure 1). Hence, CA is often conceived as
heart failure with preserved ejection fraction; how-
ever, this classification underestimates the degree of
systolic impairment that occurs during amyloid
infiltration.3 Amyloid fibril deposition occurs from
the base to apex, and from the endocardium to
epicardium. Longitudinal contractile myocardial fi-
bers are predominantly situated in the endocardium,
whereas radial contractile fibers are positioned in the
midwall. Therefore, longitudinal contraction be-
comes impaired early in the disease process, whereas
radial contraction is preserved until end-stage.12 The
pattern of infiltration often results in an apical
sparing longitudinal strain pattern, increasing suspi-
cion for the diagnosis. Apical sparing can be present
in aortic stenosis and other hypertrophic conditions,
and the sensitivity and specificity varies depending
on the cohort of patients examined; eg, it has been
shown to have a lower specificity in patients with
chronic kidney disease.13,14 Alternative measures

tomo



FIGURE 1 Typical Echocardiographic Features of a Patient With Cardiac Transthyretin Amyloidosis
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such as the septal apical-to-base ratio have shown an
improved diagnostic accuracy15 and, when combined
with other features associated with CA, it can yield
a specificity of up to 98%.16 Longitudinal strain is a
reproducible metric and has been proposed as a
metric to track disease progression; however, strain
metrics that incorporate blood pressure, including
myocardial work index and efficiency, deteriorate to a
greater degree than longitudinal strain in untreated
patients and are independently prognostic.17

There is a growing body of published reports har-
nessing individual echocardiographic metrics or a
combination of metrics to develop scoring systems
that enhance diagnostic capabilities. Initial studies of
apical sparing strain ratios were conducted in select
populations;18 when evaluated in less select pop-
ulations, the high sensitivity and specificity of the
initial thresholds was not reproduced.19 Models that
include a combination of either clinical or echocar-
diographic metrics have areas under the curve (AUCs)
>0.8, but they lack a single threshold with both high
sensitivity and specificity. Machine learning offers
the opportunity to move beyond conventional sta-
tistical models and has shown great promise for
automated detection of CA based on standard
images.20

More recently, the effects of atrial amyloid infil-
tration have been appreciated. Left atrial strain as-
sessments have shown a progressive loss of atrial
function and increased atrial stiffness. Extensive
amyloid infiltration of the atria results in a loss of
normal atrial contraction, even in the context of sinus
rhythm, a phenomenon also known as atrial electro-
mechanical dissociation.21 The effects of reduced
cardiac output along with direct atrial amyloid infil-
tration causes blood stasis and an increased preva-
lence of atrial thrombi, even in the presence of
anticoagulation.22

Valvular abnormalities have also been extensively
described in CA, with concomitant aortic stenosis and
mitral and tricuspid regurgitation being particularly
common and associated with a worse prognosis.23

Additionally, worsening of the degree of regurgita-
tion over time is also associated with a worse
prognosis.24

There are structural and functional differences
between the various forms of CA, with ATTR-CA often
presenting with a greater biventricular mass, and
more asymmetrical septal thickening than AL-CA.
Whereas AApoAI can present with disproportionate
right-sided involvement with a greater incidence of
tricuspid valve dysfunction, a significant overlap in
echocardiographic phenotype still exists, making
echocardiographic features alone unsuited to differ-
entiate the different types.4,25

SERUM AMYLOID P COMPONENT SCINTIGRAPHY

This nuclear imaging technique involves administra-
tion of 123I-labeled purified human serum amyloid P



FIGURE 2 Serum Amyloid P Scintigraphy Images Showing Evidence of Organ Regression in Patients With Systemic Amyloid a Amyloidosis and Systemic Light

Chain Amyloidosis

Hepatic regressionA B CSplenic regression Renal regression

(A) Hepatic regression. (B) Splenic regression. (C) Renal regression.
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component (SAP), which has a high binding affinity to
amyloid fibrils, and following gamma camera acqui-
sition allows accurate quantification of the hepatic,
splenic, and renal amyloid load but cannot assess the
presence of myocardial infiltration. Following
corroboration with biopsy samples, the images ob-
tained identify amyloid accumulation in the visceral
organs with a high degree of sensitivity and speci-
ficity.26 Serial SAP scintigraphy scans enable direct
visualization of the dynamic turnover of amyloid
deposits in response to treatment and demonstrated,
for the first time, that a substantial reduction in the
amyloid precursor protein in patients with systemic
AA amyloidosis and systemic AL amyloidosis often
leads to gradual disease regression in the visceral
organs. This discovery occurred over 2 decades ago
and was the first demonstration of disease regression
in patients with systemic amyloidosis (Figure 2).26

CARDIAC MAGNETIC RESONANCE. Cardiac magnetic
resonance (CMR) provides similar structural and
functional information to echocardiography, with
additional information regarding tissue composition
through tissue characterization, thereby enabling
CMR to help differentiate CA from other causes of a
hypertrophic phenotype. Use of gadolinium-based
contrast agents has formed the cornerstone of di-
agnostics, and late gadolinium enhancement (LGE)
imaging often shows typical patterns of sub-
endocardial or transmural enhancement.27

The main drawback of LGE imaging is that it is not
inherently quantitative; however, this limitation may
be overcome with multiparametric mapping.
Precontrast native-T1 mapping offers a measure of
the myocardial relaxation time that is often elevated
in the context of CA, and has shown a high diagnostic
accuracy in patients referred to specialist centers with
a high pretest probability of CA.28 However, native-T1
mapping provides a composite signal from the intra-
cellular and extracellular space and does not differ-
entiate the underlying disease process responsible for
its elevation.

Administration of gadolinium-based contrast
agents enables isolation of the extracellular signal.
Amyloidosis is the exemplar interstitial disease;
therefore, the extracellular volume (ECV) acts as a
surrogate measure of the interstitial amyloid. Eleva-
tions in ECV occur early in the disease process, before
LGE and changes in cardiac structure and function
and, hence, ECV has a high diagnostic accuracy.27

Using ECV as a surrogate marker of amyloid burden
has provided important insights into the underlying
amyloid disease process because various structural
and functional parameters become abnormal at
different ECV thresholds reflective of the burden of
deposition. Longitudinal strain becomes abnormal at
a low ECV, whereas biventricular ejection fraction
only becomes abnormal at a higher ECV, likely
reflecting infiltration of subendocardial longitudinal
fibers in the earlier stages of the disease (Figure 3).12

ECV can also be used to quantify the myocyte
response: detecting differences between AL-CA and
ATTR-CA with an apparent relative (compensatory)
hypertrophy response in ATTR that is not present in
AL. Despite patients with ATTR-CA having a greater



FIGURE 3 CMR Images
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Cardiac magnetic resonance (CMR) images showing an increasing transmurality of late gadolinium enhancement (LGE) and extracellular

volume (ECV) as more amyloid fibrils accumulate in the myocardium.
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LV mass, increased transmurality of LGE, and higher
ECV than patients with AL-CA, these findings are not
specific and CMR alone cannot be used to differen-
tiate between different forms of amyloidosis as there
is significant imaging overlap.29

Routine CMR has also shown high diagnostic per-
formance in detecting hepatic and splenic amyloid
infiltration, which is of particular importance in sys-
temic AL amyloidosis, whereby, multiorgan involve-
ment is common. The diagnostic performance of
measuring liver and spleen ECV has been compared
with SAP scintigraphy. There is good correlation be-
tween the 2 imaging modalities, and significant ECV
elevations detect visceral organ involvement with a
high degree of accuracy, which not only helps refine
the diagnostic differentials but also has important
implications with regards to treatment decisions.30

Mapping techniques have dramatically increased
our understanding of the underlying pathogenesis in
CA. T2 mapping serves as a surrogate marker for
myocardial edema. Following corroboration with
histologic samples, this noninvasive technique was
able to show that myocardial edema occurs in AL-CA,
presumably because of the impact of direct light-
chain toxicity and resultant myocardial injury.31

Quantitative stress perfusion mapping has shown
that patients with CA have a severely reduced stress
myocardial blood flow, which is similar to patients
with triple-vessel coronary disease. Perfusion abnor-
malities correlated with markers of amyloid burden
and were corroborated with endomyocardial biopsy
specimens, which showed amyloid infiltration at the
level of mural arterioles and disruption and refraction
of the capillaries, with hypoxic conditions resulting in
upregulation of vascular endothelial growth factor.32

When combined, CMR structure, function, LGE,
and mapping enable redefinition of cardiac involve-
ment through disease processes: 1) amyloid burden
with ECV; 2) edema with T2; 3) ischemia with perfu-
sion mapping; 4) myocyte response (derived from: LV
mass � [1–ECV]); and 5) disease severity through a
combination of LGE and ECV. Advances in multi-
parametric mapping have not only improved the
diagnostic accuracy of CMR but also enriched the
understanding of the underlying disease process and
enabled noninvasive measurements of the CA burden.



FIGURE 4 Cardiac Scintigraphy Images

Grade 0 Grade 1 Grade 2 Grade 3

SUVmax: 0.79
SUVmean: 0.31

%ID: 0.00
CAA: 0

SUVmax: 2.4
SUVmean: 1.9

%ID: 0.06
CAA: 41

SUVmax: 3.6
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%ID: 0.46
CAA: 325

SUVmax: 3.8
SUVmean: 2.5

%ID: 0.59
CAA: 453

Cardiac scintigraphy images with 99mtechnetium-labelled pyrophosphate of a patient with varying degrees of myocardial radiotracer uptake. %ID ¼ percentage injected

dose; CAA ¼ cardiac amyloid activity; SUV ¼ standardized uptake value.
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CARDIAC SCINTIGRAPHY WITH BONE AVID

RADIOTRACERS. Bone scintigraphy was first repur-
posed in the 1980s, following the incidental finding of
myocardial uptake of technetium-based bone-avid
radiotracers in patients with CA. A seminal study
showed the diagnostic potential of 99mtechnetium-
labelled 3,3-dicarboxypropane-2, 1-diphosphonate
(99mTc-DPD) in identifying ATTR-CA, based on a vi-
sual score of the cardiac uptake seen on planar images
(grade 0 ¼ absent cardiac uptake; grade 1 ¼ mild
uptake < bone; grade 2 ¼ moderate uptake equal to
bone; and grade 3 ¼ high uptake > bone) (Figure 4).33

Subsequent studies have confirmed the utility of
multiple different bone-avid radiotracers in the
detection of ATTR-CA (99mTc-hydroxymethylene
diphosphonate [99mTc-HMDP)], and 99mTc-pyrophos-
phate [99mTc-PYP]).34 However, it is increasingly
recognized that myocardial radiotracer uptake can
also occur in other forms of CA, with rarer forms such
as AApoAI and AApoAIV presenting with mild (grade
1) cardiac uptake, and up to 40% of patients with AL-
CA presenting with cardiac radiotracer uptake.4,35,36

These observations led to a new diagnostic algorithm
for ATTR-CA, which used the impressive sensitivity of
cardiac scintigraphy alongside serum free light chains
(FLCs) and serum and urine immunofixation electro-
phoresis to exclude systemic AL amyloidosis.

The ground-breaking study that resulted in wide-
spread use of bone-avid tracer cardiac scintigraphy
establishing the nonbiopsy pathway for ATTR-CA
showed the presence of grade 2-3 myocardial radio-
tracer uptake conferred a sensitivity of >99% and
specificity of 86% for ATTR-CA, with most false pos-
itives occurring in patients with AL-CA. The combi-
nation of a positive scan with the absence of
monoclonal proteins by serum and urine testing
(thereby excluding systemic AL amyloidosis)
improved the specificity to 100%, but, due to the high
prevalence of a monoclonal gammopathy in this
elderly population, this also resulted in a reduction in
the sensitivity to 70%.36 The diagnostic algorithm has
since been validated in several studies, including a
large multicenter study which confirmed a high
specificity and positive predictive value of the non-
biopsy pathway.37

Despite the high diagnostic accuracy, some ques-
tions remain unanswered. The aforementioned
studies have used cardiac scintigraphy with bone-
avid radiotracers in patients with a high clinical sus-
picion of CA.36,37 The high performance in diagnosing
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ATTR-CA has been favorably skewed because of the
high prevalence of cases and pretest probability in
study cohorts. It is likely that application to pop-
ulations with a lower prevalence and less severe
disease would result in a reduced positive predictive
value.34

In patients with wtATTR-CA, grade 1 (mild) uptake
can represent an early disease marker, which pre-
cedes the onset of structural and functional cardiac
abnormalities.25 In contrast, certain hereditary vari-
ants, such as Ser77Tyr, Tyr114Cys, and Phe64Leu,
present with disproportionately low myocardial
radiotracer uptake (ie, no uptake or mild uptake)
despite associated heart failure symptoms and char-
acteristic imaging on echocardiography and CMR;
hence, they do not fulfil the nonbiopsy diagnostic
criteria.25 If a strong clinical suspicion remains
following a scan showing no uptake or mild uptake,
sequencing of the TTR gene and CMR should be
considered to reduce the risk of misdiagnosis.

Nevertheless, the majority of patients presenting
with a characteristic amyloid CMR and either no up-
take or mild cardiac uptake are subsequently diag-
nosed with AL-CA. Therefore, following the exclusion
of rare TTR variants and rare forms of CA through
comprehensive genotyping, the combination of a
CMR that is characteristic for CA and grade 0 or 1
cardiac uptake on scintigraphy confers a 100% spec-
ificity for AL-CA and can be used to refine the diag-
nostic differentials while awaiting histologic
confirmation.25

Since the publication of the nonbiopsy pathway,
use of bone scintigraphy to diagnose ATTR-CA has
risen significantly, with multiple different
technetium-based radiotracers being used. The diag-
nostic performance of these agents is assumed to be
broadly similar; however, this hypothesis is yet to be
tested in a head-to-head trial. It is possible that
optimal image acquisition time and image interpre-
tation techniques may vary between tracers. In the
United States, 99mTc-PYP is most commonly used and
scans are predominantly interpreted by nuclear
cardiologists; whereas in Europe, 99mTc-DPD and
99mTc-HMDP are most commonly used and scans are
predominantly interpreted by nuclear medicine phy-
sicians. Aside from the conventional visual score,
quantitative scores derived from planar imaging have
been used in the past. The heart-to-whole-body ratio
is used for 99mTc-DPD and 99mTc-HMDP, whereas the
heart-to-contralateral ratio is used for 99mTc-PYP;
therefore, thoracic imaging may be acquired when
using 99mTc-PYP, whereas whole body imaging is ac-
quired when using 99mTc-DPD and 99mTc-HMDP.38

However, these planar imaging–derived metrics are
no longer recommended by the American Society of
Nuclear Cardiology for the diagnosis of ATTR-CA in
isolation, and visual grading by single-photon emis-
sion computed tomography (SPECT) is mandated
(SPECT–computed tomography [CT] if available may
be preferred). SPECT images are able to differentiate
blood pool activity (false positive on planar) from true
LV myocardial uptake (true positive) (Figure 5).39

When the recommended imaging methodology is
used, there is excellent interobserver reproducibility
and intraobserver repeatability of 99mTc-PYP visual
scan interpretation.40 It is also hypothesized that the
magnitude of myocardial radiotracer uptake, as
quantified by these various methods, could reflect the
CA burden. However, because of competitive tracer
uptake, the dynamics and kinetics of radiotracer up-
take are significantly influenced by uptake in the
bones, soft tissues, skeletal muscle, and the heart.
The presence of extracardiac amyloid would influ-
ence the percentage cardiac uptake; therefore, this
may not be an accurate representation of the CA
burden. In the era before availability of TTR-specific
therapy, 99mTc-PYP planar visual grade did not
change after w1.5 years despite clinical evidence of
disease progression.41 In contrast, with use of TTR-
directed therapies, emerging data show significant
reduction in myocardial uptake of bone-avid tracers
despite absence of significant changes in cardiac
structure and cardiac function.42,43 This discordance
with structural and functional imaging suggests that a
decrease in bone-avid tracer myocardial uptake may
represent a molecular change in amyloid fibril rather
than a reduction in amyloid mass.

Contemporary research has focused the benefit of
pursuing SPECT/CT to allow absolute quantification
of the tracer uptake and automating this process us-
ing deep learning methods. There is uncertainty
whether these metrics can accurately track disease
progression, but they may enhance diagnostic accu-
racy, especially in differentiating grade 1 and 2 car-
diac uptake. Future studies are needed to determine
whether quantitative measures of radiotracer uptake
correlate with established markers of disease and
prognosis to further clarify the role of bone scintig-
raphy in quantifying amyloid burden beyond the
well-established qualitative visual score.44

POSITRON EMISSION TOMOGRAPHY. Several amyloid-
binding positron emission tomography (PET) tracers
have been evaluated in patients with CA. 11C-Pitts-
burgh compound B (PIB) detects both ATTR-CA and
AL-CA with a high degree of accuracy. This was first
demonstrated in a study of 10 patients with CA, all of
whom showed uptake, whereas there was no cardiac



FIGURE 5 False Positive Cardiac Scintigraphy Due to Blood Pool Activity

A B

HCL ratio = 0.95
2 hours

HCL ratio = 1.5
3 hours

(A) 99mTechnetium-labelled pyrophosphate scan showing positive heart-to-contralateral (HCL) lung ratio of 1.5 on planar images. There is significant blood pool activity

as is shown on single-photon emission computed tomography (SPECT) images. The HCL lung ratio is a false positive due to residual blood pool activity. (B) The same

patient underwent 99mtechnetium-labelled hydroxydiphosphonate scan that showed a negative HCL lung ratio of 0.95 at 2 hours, and axial SPECT images confirm

absence of left ventricular myocardial activity and no significant residual blood pool radiotracer activity (HCL lung ratio also negative).
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uptake in 5 healthy controls;45 this was subsequently
confirmed in a small cohort of 15 patients with AL-CA,
13 of whom showed PIB cardiac uptake.46 However,
the requirement for an on-site cyclotron for the pro-
duction of PIB significantly limits its use.47 18F-flor-
betapir is a stilbene derivative that shows a high
binding affinity for amyloid fibrils and has favorable
pharmacokinetics with a longer half-life. Ex vivo
studies of autopsy-derived myocardial tissue has
shown that 18F-florbetapir colocalized well to amyloid
deposits,48 and diagnostic utility has also been
confirmed in small in vivo studies of patients with
CA.49 The 18F-florbetapir myocardial uptake (between
4 and 30 minutes) tended to be higher in AL-CA than
ATTR-CA but with significant overlap making it
challenging to distinguish AL-CA from ATTR-CA.48 A
study of 40 patients with CA (ATTR-CA: 20, AL-CA:
20) using 18F-florbetaben showed that, although all
patients exhibited intense early cardiac tracer uptake
(5 to 15 minutes), patients with AL-CA showed a
higher persistent uptake on the late scan (50 to
60 minutes), whereas in patients with ATTR-CA,
myocardial uptake decreased after 15 minutes.
These findings suggest that 18F-florbetaben may be
able to differentiate the different types as most 18F-
and 11C-labelled beta amyloid binding tracers show
lower myocardial uptake in ATTR-CA compared to
AL-CA.50

In the context of systemic AL amyloidosis, 18F-
florbetapir has shown utility in detecting early cardiac
amyloid infiltration, and the degree of uptake reflects
the amyloid burden, with the greatest uptake being
observed in patients with established CA and the
lowest in those without cardiac involvement, as per
the conventional diagnostic criteria.51 18F-florbetapir
is also able to detect right ventricular cardiac amyloid
infiltration with the degree of uptake correlating with
right ventricular mass, ejection fraction, and free wall
longitudinal strain.52

Whole-body PET imaging has the added advantage
of imaging extracardiac organs, which is of particular
importance in systemic AL amyloidosis. In a study of
40 patients, 18F-florbetapir PET was able to reliably
identify extensive organ involvement and, in many
instances, detect early organ infiltration before the
development of clinical signs and symptoms.53

124I-evuzamitide is a novel pan-amyloid radiotracer
that binds to amyloid fibrils from multiple different



FIGURE 6 18F-Florbetapir and 124I-Evuzamitide PET/CT Images for a Patient With Cardiac Light Chain Amyloidosis

18F-florbetapir PET/CT

124I-evuzamitide PET/CT

CT ¼ computed tomography; PET ¼ positron emission tomography.
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amyloid precursor proteins. In a study of 12 patients
with AL-CA and 14 patients with ATTR-CA, cardiac
uptake was present in all patients with CA and in
none of the healthy control subjects. 124I-evuzamitide
possessed a similar diagnostic accuracy to 18F-flor-
betapir in patients with AL-CA but, in the context of
ATTR-CA, there was a greater uptake of 124I-evuza-
mitide, suggesting that it may possess a superior
diagnostic performance. The degree of cardiac uptake
correlated well with established markers of disease
severity, including CMR derived ECV.54 Similar to
18F-florbetapir, 124I-evuzamitide has also shown util-
ity in detecting extracardiac infiltration with a high
degree of accuracy.55 However, there are some key
differences between the tracers. 124I-evuzamitide can
detect liver amyloid but 18F-florbetapir cannot due to
physiological uptake. 124I-evuzamitide also un-
dergoes dehalogenation w4 hours post administra-
tion and can be used to image renal amyloid
deposition, but it is currently unclear if 18F-florbeta-
pir could be used to detect renal amyloid (Figure 6).

Although small studies have shown that various
tracers have diagnostic utility, these tracers are still at
an early investigational stage, are not reimbursed by
3rd-party payors, and remain not widely accessible.
Targeted amyloid-binding PET tracer imaging has a



TABLE 1 Staging Systems Used for Both Cardiac AL Amyloidosis and Cardiac ATTR Amyloidosis

System
NT-proBNP

Threshold, ng/L
Troponin-T

Threshold, ng/L Other Stage

Cardiac AL amyloidosis

Mayo 2004 332 35 I: both variables below the cutoffs
II: 1 variable above the cutoff
III: both variables above the cutoff

European modification of
Mayo 2004

332 and 8,500 35 I: both variables below the cutoffs
II: 1 variable above the cutoff
IIIa: NT-proBNP between 332-8,500 ng/L

and troponin-T above cutoff
IIIb: NT-proBNP >8,500 ng/L and

troponin-T above cutoff

Mayo 2012 1,800 25 dFLC: 180 mg/L I: all below threshold
II: 1 above threshold
III: 2 above threshold
IV: 3 above threshold

Boston University 2019 BNP: 81 ng/L
Troponin-I: 10 ng/L

I: both variables below the cutoffs
II: 1 variable above the cutoff
III: both variables above the cutoff

Cardiac ATTR amyloidosis

Mayo 3,000 50 I: both variables below the cutoffs
II: 1 variable above the cutoff
III: both variables above the cutoff

NAC 3,000 eGFR: 45 mL/min I: both variables below the cutoffs
II: 1 variable above the cutoff
III: both variables above the cutoff

Expanded NAC 3,000 and 10,000 eGFR: 45 mL/min I: both variables below the cutoffs
II: 1 variable above the cutoff
III: both variables above the cutoff
IV: NT-proBNP >10,000 regardless of

eGFR

AL ¼ light chain; ATTR ¼ transthyretin; BNP ¼ B-type natriuretic peptide; dFLC ¼ difference between involved and uninvolved serum free light chains; eGFR ¼ estimated
glomerular filtration rate; NAC ¼ National Amyloidosis Centre; NT-proBNP ¼ N-terminal pro–B-type natriuretic peptide.
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promising role to play in the diagnosis and prognosis
of CA, and the evidence is progressively accumu-
lating.56 It is possible that PET tracers will play a key
role in early diagnosis and may even be sensitive
enough to detect patients with cardiac amyloid de-
posits who have not yet undergone the structural and
functional changes that result in cardiac amyloidosis.
Larger multicenter studies are required to further
assess their diagnostic performance relative to other
established imaging modalities.

STRATIFYING PROGNOSIS

In the context of systemic amyloidosis, cardiac
involvement is the main driver of morbidity and
mortality; therefore, any measure of CA burden re-
mains highly prognostic. The most widely used dis-
ease staging systems use common serum biomarkers.
In patients with AL-CA, the Mayo classification used a
combination of N-terminal pro–B-type natriuretic
peptide (NT-proBNP) and troponin to stratify prog-
nosis at the time of diagnosis and, more recently, the
addition of differential FLC has been added to the
classification.57 Boston University also developed a
staging system based on brain natriuretic peptide
(BNP) and troponin, which has a high concordance
with the Mayo staging system.58

The Mayo clinic has developed a risk stratification
system for patients with wtATTR-CA that also uses
NT-proBNP and troponin,59 whereas the staging
developed at the National Amyloidosis Centre (NAC),
uses a combination of NT-proBNP and estimated
glomerular filtration rate to stratify patients and is
applicable for patients with wtATTR-CA and heredi-
tary transthyretin CA.7 Both staging systems used
the same NT-proBNP cutoff of 3,000 ng/L, but the
NAC staging system was recently expanded to
include a 4th stage with an NT-proBNP cutoff of
10,000 ng/L which identifies patients at the highest
risk of early mortality (Table 1).60 Both staging sys-
tems have been improved by incorporating NYHA
functional class and loop diuretic dose in what is
known as the Columbia staging system,61 and the
risk of mortality can be further refined by assessing
multiple additional commonly measured serum and
urinary biomarkers.62,63 NT-proBNP forms the
cornerstone of all biomarker-based staging systems;
however, elevations represent the final common
pathway of several mechanisms integrating renal
impairment, fluid status, neurohormonal activation,
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and cardiac function rather than serving as a direct
measure of the CA burden. Therefore, imaging-based
metrics that more accurately reflect the magnitude
of amyloid infiltration can refine prognostic stratifi-
cation at diagnosis.

A wide array of structural and functional echocar-
diographic parameters are associated with an
increased risk of mortality, with longitudinal strain
remaining independently associated with mortality
even after adjusting for the respective biomarker-
based staging systems. The strong prognostic associ-
ation of longitudinal strain is likely related to amyloid
infiltration beginning at the endocardium, where
longitudinal fibers are situated; therefore, measures
of longitudinal systolic function reflect the whole
spectrum of disease from early to advanced
stages.23,64 Stroke volume also represents an impor-
tant prognostic marker. Typically, CA results in a low
stroke volume, secondary to systolic impairment,
concentric remodeling, and a small LV cavity.
Therefore, indexed stroke volume represents a
comprehensive measure of disease burden that re-
flects both structural and functional changes.23,65

Myocardial contraction index is the ratio of stroke
volume to myocardial volume and is a volumetric
measure of myocardial shortening analogous to
strain, which also represents an important prognostic
marker that is superior to ejection fraction.66

Tissue characterization through use of advanced
CMR techniques adds incremental information to the
structural and functional parameters by providing a
detailed description of the myocardial composition.
Transmurality of LGE provides important prognostic
information, with the presence of transmural LGE
being independently associated with a 4-fold higher
risk of mortality.27 The development of ECV mapping
as a direct measure of myocardial extracellular
expansion in the presence of amyloid deposition
represented a major step in directly quantifying am-
yloid load, with ECV remaining an independent pre-
dictor of prognosis.67,68 Precontrast native T1 also
represents a prognostic marker, but only ECV remains
independently associated with mortality even after
adjusting for biomarker stage, suggesting that it is a
more robust marker of disease burden. These differ-
ences are likely due to different biological informa-
tion being captured, with native T1 providing a
composite signal from the intracellular and extracel-
lular space, a signal that is potentially influenced by
other pathophysiological mechanisms beyond simple
amyloid deposition, whereas ECV acts as a direct
measure of the amyloid burden.68 In the context of
systemic AL amyloidosis, hepatic ECV, as a marker of
liver amyloid load, also remains independently
associated with mortality after adjusting for the Mayo
staging criteria, myocardial ECV, and splenic ECV.30

Although cardiac scintigraphy with bone-avid ra-
diotracers represents a sensitive test to diagnose
ATTR-CA, it remains unclear whether the degree of
myocardial radiotracer uptake is able to accurately
quantify amyloid burden and estimate prognosis. In
patients with known ATTR-amyloidosis, the presence
of any cardiac uptake (ie, Perugini grade >0) and a
heart-to-contralateral ratio >1.6 confers a worse
prognosis; however, in patients with established CA,
there is no difference in survival between those with
grade 2 or 3 cardiac uptake.69,70 Further studies are
needed to assess whether heart-to-whole-body ratio
and quantitative standardized uptake value (SUV)
measures are able to refine prognostic stratification in
patients with established CA.

The prognostic importance of PET tracer uptake
has been shown in patients with AL-CA, whereby
increased myocardial uptake of PIB portends worse
prognosis71 and right ventricular uptake of 18F-flor-
betapir was associated with an increased risk of major
cardiovascular events.51 However, PET tracers are
investigational and not clinically approved for cardiac
imaging. Larger multicenter studies are needed to
assess whether amyloid burden estimated by cardiac
PET adds incremental information to established
staging systems.

DISEASE-MODIFYING THERAPIES FOR ATTR-CA

Until recently, the primary approach for managing
patients with ATTR-CA was supportive therapy and
use of loop diuretic agents to aid meticulous volume
control. Two recent studies have shown that low-dose
beta-blockers in patients with a reduced ejection
fraction and both mineralocorticoid receptor antago-
nists and sodium-glucose co-transporter-2 inhibitors
across the spectrum of disease were associated with
improved survival. However, none of these medica-
tions specifically target the pathways responsible for
ATTR amyloid fibril formation.72,73 A deeper under-
standing of the underlying pathophysiology has
resulted in the discovery of multiple different, dis-
ease specific pharmacotherapies that are either
approved for clinical use or at different stages of
development.74-76 Considering the likely expansion
of disease-modifying therapies, indicators of wors-
ening disease might highlight the need to switch to
alternative agents or consider combination therapy;
however, at present, there is no consensus recom-
mendation regarding how progression markers
should guide treatment decisions. A large multicenter
study recently showed that NT-proBNP progression



TABLE 2 Measures of Disease Progression and Treatment Response in

Cardiac Amyloidosis

Markers Definition

Measures of disease progression in
cardiac ATTR amyloidosis

NT-proBNP NT-proBNP progression defined as an increase of
>700 ng/L and >30%

Loop diuretic dose Outpatient diuretic intensification defined as any
initiation or increment in the dose of loop diuretic

6-minute walk test distance Absolute reduction defined as a decrease >35 m
Relative reduction defined as a decrease >5%

KCCQ Worsening of the KCCQ

Mitral regurgitation Worsening of mitral regurgitation

Tricuspid regurgitation Worsening of tricuspid regurgitation

Measures of treatment response in
cardiac AL amyloidosis

NT-proBNP NT-proBNP response defined as a decrease of
>300 ng/L and >30%

Longitudinal strain Longitudinal strain response defined as an
improvement $2%

Native T1 Reduction in native-T1 $50 ms

Extracellular volume Reduction in extracellular volume $5%

KCCQ ¼ Kansas City Cardiomyopathy Questionnaire; other abbreviations as in Table 1.
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(defined as an increase >700 ng/L and >30%) and
outpatient diuretic intensification represented
markers of disease progression that were indepen-
dently associated with a worse prognosis.77 The
change in 6-minute walk test can be leveraged as a
marker of disease burden and an absolute reduction
>35 m or relative reduction >5% is also associated
with disease progression and independently associ-
ated with a worse prognosis (Table 2).78 Serial echo-
cardiographic assessments have shown that
worsening of the degree of mitral and tricuspid
regurgitation and a reduction in stroke volume are
also associated with an increased risk of mortality.24

The search for various novel markers of disease
progression and treatment response has expanded to
the use of imaging-based assessments, with various
different metrics being increasingly used in the
context of clinical trials where imaging-based pa-
rameters are being leveraged as endpoints.79

TTR STABILIZERS. Current therapeutic strategies are
aimed at reducing the formation of ATTR-amyloid
fibrils. TTR stabilizers bind to the TTR tetramer and
prevent dissociation into amyloidogenic monomers
and oligomers that subsequently form pathogenic
amyloid fibrils.74

DIFLUNISAL. Despite showing some efficacy in pa-
tients with ATTR-polyneuropathy (ATTR-PN), the
experience of diflunisal in ATTR-CA is limited to
small open-label studies, with 2 retrospective ana-
lyses suggesting an association with a reduced risk of
mortality.80,81

Imaging-based studies suggest that diflunisal may
slow disease progression. A prospective study has
shown that 34 patients treated with diflunisal had a
significant improvement in apical LV rotation/tor-
sion82 and a recent retrospective study of 81 patients
confirmed that diflunisal stabilized global longitudi-
nal strain (GLS), whereas GLS deteriorated in the
untreated group.83

TAFAMIDIS. The ATTR-ACT (A Multicenter, Interna-
tional, Phase 3, Double-Blind, Placebo-Controlled,
Randomized Study to Evaluate the Efficacy, Safety,
and Tolerability of Daily Oral Dosing of Tafamidis
Meglumine [PF-06291826] 20 mg or 80 mg in Com-
parison to Placebo in Subjects Diagnosed With
Transthyretin Cardiomyopathy [TTR-CM]) trial
showed that treatment with tafamidis reduced the
hierarchical composite of all-cause mortality and
cardiovascular hospitalisations.74 Post hoc analysis of
436 patients with available echocardiographic data
has shown that tafamidis was associated with a less
pronounced worsening of stroke volume, GLS, and
E/e0.84 This was supported by a recent retrospective
study of 45 patients (treated: 23, untreated: 22).
Following 12-months of treatment, tafamidis was
associated with an attenuated deterioration in GLS,
myocardial work index, and efficiency.17 A study of
40 patients treated with tafamidis who underwent
serial bone scintigraphy scans demonstrated that
treatment was associated with a significant reduction
in SUV retention index, and patients with a greater
reduction also experienced favorable biochemical
and echocardiographic changes.85

ACORAMIDIS. The ATTRibute-CM (A Phase 3, Ran-
domized, Double-Blind, Placebo-Controlled Study of
the Efficacy and Safety of AG10 in Subjects With
Symptomatic Transthyretin Amyloid Cardiomyopa-
thy) trial has shown that treatment was associated
with a favorable win ratio in a 4-component hierar-
chical analysis that included all-cause mortality, cu-
mulative frequency of cardiovascular-related
hospitalization, change in NT-proBNP, and change in
6-minute walk test distance to assess the efficacy of
acoramidis.86 Serial CMR scans were also used in a
small subset of patients to assess changes in CMR
parameters in response to treatment. The study was
limited by a small sample size but showed favorable
trends in CMR parameters in the treatment group
compared with placebo, and a small proportion of the
treatment group demonstrated amyloid regression
compared to none in the placebo group.87

GENE SILENCERS AND GENE EDITING THERAPIES.

The circulating TTR amyloid precursor protein is
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synthesized by the liver and coded for by a single
gene, making ATTR-amyloidosis the prototypic
model disease for targeted gene interference
therapies.75

PATISIRAN. The APOLLO (A Phase 3 Multicenter,
Multinational, Randomized, Double-blind, Placebo-
controlled Study to Evaluate the Efficacy and Safety
of Patisiran [ALN-TTR02] in Transthyretin [TTR]-
Mediated Polyneuropathy [Familial Amyloidotic
Polyneuropathy-FAP]) trial demonstrated efficacy of
patisiran in patients with ATTR-PN. A post hoc anal-
ysis on a subset of 126 patients considered to have
cardiac involvement (defined as LV wall thickness
>13 mm in the absence of known hypertension or
significant aortic valve disease) demonstrated that
patisiran was associated with a reduced mean LV wall
thickness and relative wall thickness, and improved
GLS compared with placebo. However, the definition
of cardiac involvement is nonspecific and could have
resulted in the inclusion of patients who do not
fulfil the guideline-mandated diagnostic criteria for
ATTR-CA.88

Following this, the APOLLO-B (A Phase 3, Ran-
domized, Double-blind, Placebo-controlled Multi-
center Study to Evaluate the Efficacy and Safety of
Patisiran in Patients With Transthyretin Amyloidosis
With Cardiomyopathy [ATTR Amyloidosis With Car-
diomyopathy]) trial demonstrated that treatment
with patisiran resulted in a slower decline in
6-minute walk test distance (mean difference: 14.7
m).89 However, the U.S. Food and Drug Administra-
tion declined the application to approve patisiran for
the treatment of ATTR-CA, expressing concerns that
the small effect size was not clinically meaningful.
Although patients who were initially in the placebo
group showed stabilization of their functional ca-
pacity during the open label extension, the decline
that occurred in the first 12 months was not recover-
able. This observation emphasizes the importance of
initiating treatment early in the disease process.90

A small imaging-based study of 16 patients yielded
results that support the efficacy of patisiran in treat-
ment of ATTR-CA, with treatment being associated
with a reduction in NT-proBNP, ECV, and a reduction
in myocardial radiotracer uptake on bone scintig-
raphy in a proportion of patients. Although the
reduction in cardiac uptake showed a favorable effect
of patisiran, the kinetics and dynamics of radiotracers
binding to the myocardium, bones, and soft tissues
may fluctuate; therefore, variations in any of these
organs will influence both the visual appearance and
mathematical calculation of proportionate myocar-
dial radiotracer uptake. Therefore, reduced
myocardial uptake should always be supported by
improvements in other measures of cardiac function
before the observed changes are ascribed exclusively
to a reduction in CA burden.42 Larger-scale imaging-
based studies are required to confirm whether treat-
ment with patisiran is able to impact the amyloid
load, while an assessment of more conventional
endpoints such as mortality and cardiovascular hos-
pitalizations may offer additional clarification into
efficacy.91

VUTRISIRAN. Vutrisiran demonstrated efficacy in
patients with ATTR-PN in the HELIOS-A (A Phase 3
Global, Randomized, Open-label Study to Evaluate
the Efficacy and Safety of ALN-TTRSC02 in Patients
With Hereditary Transthyretin Amyloidosis) trial. A
post hoc analysis assessed the impact of vutrisiran on
cardiac parameters. In the overall study population,
and in those considered to have cardiac involvement
(based on the prespecified definition used in the post
hoc APOLLO analysis), treatment with vutrisiran was
associated with beneficial changes in NT-proBNP and
a nominally significant beneficial change in stroke
volume compared with placebo. This study used a
historical placebo group from the APOLLO trial, and
there were significant differences in baseline charac-
teristics between the treatment and placebo groups.
Furthermore, the definition of cardiac involvement is
nonspecific and fraught with the same limitations as
the post hoc analysis of the APOLLO trial.43

The HELIOS-B (A Phase 3, Randomized, Double-
blind, Placebo-controlled, Multicenter Study to Eval-
uate the Efficacy and Safety of Vutrisiran in Patients
With Transthyretin Amyloidosis With Cardiomyopa-
thy) trial showed that treatment with vutrisiran was
associated with a reduction in the composite of all-
cause mortality and recurrent cardiovascular events
in the overall population and monotherapy popula-
tion (who were not treated with tafamidis at
enrolment).92

EPLONTERSEN. Eplontersen has shown efficacy in
patients with ATTR-PN in the NEURO-TTRansform (A
Phase 3 Global, Open-Label, Randomized Study to
Evaluate the Efficacy and Safety of ION-682884 in
Patients With Hereditary Transthyretin-Mediated
Amyloid Polyneuropathy) trial.93 A post hoc analysis
of the change in echocardiographic parameters in
patients treated with eplontersen compared to the
historical placebo group from NEURO-TTR showed
that, in the overall population, eplontersen was
associated with improvements in LV end-diastolic
volume, stroke volume, E/e0, and left atrial volume.
In a subgroup of patients considered to have cardiac
involvement (based on the prespecified definition
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used in the post hoc APOLLO analysis), treatment
with eplontersen was associated with an improve-
ment in LV stroke volume and ejection fraction.
However, due to the study design and use of a his-
torical cohort from the NEURO-TTR (A Phase 2/3
Randomized, Double-Blind, Placebo-Controlled Study
to Assess the Efficacy and Safety of ISIS 420915 in
Patients With Familial Amyloid Polyneuropathy) trial,
this study is burdened with the same limitations as
the post hoc analyses of the APOLLO and HELIOS-A
trial populations.94

The CARDIO-TTRansform (A Phase 3 Global, Dou-
ble-Blind, Randomized, Placebo-Controlled Study to
Evaluate the Efficacy and Safety of ION-682884 in
Patients With Transthyretin-Mediated Amyloid Car-
diomyopathy) trial is designed to assess the efficacy
of eplontersen in ATTR-CA and will assess a primary
endpoint of a composite of cardiovascular mortality
and recurrent cardiovascular events. This trial has
recruited more than 1,400 patients, many of whom
are also being treated with tafamidis. Considering
the large study population, CARDIO-TTRansform
(NCT04136171) is well placed to assess the efficacy
of combination therapy. Serial CMR scans are also
used in a large subset of patients to assess changes in
parameters in response to treatment, with ECV being
used as a surrogate measure of the CA burden.

NTLA-2001. NTLA-2001 harnesses CRISPR-Cas9
technology to permanently edit the TTR gene. NTLA-
2001 was tested in a small cohort of patients with
ATTR-amyloidosis and was tolerated without any
serious adverse events.95 A phase 3 trial has been
designed to assess the efficacy of NTLA-2001 in
ATTR-CA and will assess a primary endpoint of a
composite of cardiovascular mortality and cardiovas-
cular events. The MAGNITUDE trial (NCT06128629)
will use serial CMR scans in a large group of patients to
assess changes in cardiac structure, function, and ECV
in response to treatment.

ANTIAMYLOID THERAPIES. TTR stabilizers and
gene-modulating therapies all reduce the formation
of amyloid fibrils but do not accelerate removal of
fibrils that have accumulated in the myocardium.
Amyloid removal represents a significant unmet
clinical need, especially for patients diagnosed with
advanced cardiac disease. Antibody-mediated amy-
loid removal was recently depicted in 3 patients who
spontaneously developed antibodies to ATTR-
amyloid, which was associated with reversion to
near-normal cardiac structure and function. CMR
confirmed regression of LGE burden and ECV. This
exciting discovery provided proof of concept that
antibody-based therapies can facilitate amyloid
removal and result in subsequent disease reversal.96

There are several investigational antiamyloid
therapies at various stages of development, of
which NI006 (also known as ALXN2220) is at the
most advanced stage. A phase 1 trial of 40 patients
with ATTR-CA demonstrated that NI006 was safe
and at higher doses appeared to induce disease
regression with reductions in serum biomarkers and
myocardial ECV.97

PRX004 (coramitug) has been evaluated in a phase
1 dose escalation study in 21 patients with either
ATTR-CA or ATTR-PN and has shown that PRX004
was safe and in all 7 evaluable patients; there was an
improvement in echocardiographic GLS. Although
these results have been presented, the full results
have yet to be published.98

AT-02 binds all forms of amyloid with a
high affinity, and the immunoglobulin promotes
macrophage-mediated phagocytosis of amyloid fi-
brils.99 A phase 1 study, A Study of AT-02 in Subjects
With Systemic Amyloidosis (NCT05951049), which
will assess the safety of AT-02 and efficacy using se-
rial CMR scans with ECV mapping in patients with
various forms of amyloidosis, is currently ongoing
(Table 3).

TRACKING TREATMENT RESPONSE IN AL-CA

Cytotoxic chemotherapy aimed at suppressing light-
chain production forms the mainstay of treatment
for AL-CA. A deep and rapid reduction in the amy-
loid precursor protein prevents further formation of
amyloid fibrils and halts disease progression. A
2-pronged approach is used to assess treatment
response and is comprised of measuring the reduc-
tion in FLCs and the direct impact of treatment on
the heart. Changes in NT-proBNP have been widely
used to assess the cardiac treatment response but,
as noted, also reflect multiple extracardiac vari-
ables.100 More recently, multimodality cardiac im-
aging has emerged as an important adjunct that
represents a noninvasive measure of the changes in
amyloid burden in response to treatment. Novel
therapies are being developed to target the amyloid
fibrils that have already accumulated within the
myocardium, such as anselamimab and birtamimab
(antibodies targeted at light-chain amyloid de-
posits).101,102 The role of cardiac imaging is likely to
expand in the near future, with the ability to mea-
sure changes in the CA burden being of great
importance in evaluating the efficacy of these new
agents.

https://www.clinicaltrials.gov/ct2/show/NCT04136171
https://classic.clinicaltrials.gov/ct2/show/NCT06128629
https://classic.clinicaltrials.gov/ct2/show/NCT05951049


TABLE 3 ATTR Specific Disease Modifying Therapies

Drug
Mechanism of

Action
Stage of
Approval

Route of
Administration Dose

Phase 3
Clinical Trial

Cardiovascular Trial
Outcomes Side Effects

Transthyretin
stabilizers

Diflunisal Stabilizes TTR to
prevent
dissociation

Approved as an
NSAID, off-
license use
for ATTR-CA
and ATTR-PN

Oral 250 mg twice daily NA Small retrospective studies
have demonstrated an
association with
reduced mortality

Fluid retention
Bleeding
Renal dysfunction

Tafamidis Stabilizes TTR to
prevent
dissociation

Approved for
ATTR-CA and
ATTR-PN

Oral Vyndamax 61 mg or Vyndaquel
80 mg once daily

ATTR-ACT RCT demonstrating a
reduction in the
hierarchical composite
of all-cause mortality
and cardiovascular
hospitalizations, along
with reduced rates of
6MWT and KCCQ
decline

None

Acoramidis Stabilizes TTR to
prevent
dissociation

Due to be
reviewed by
the FDA

Oral 800 mg twice daily ATTRibute-CM RCT demonstrating a
reduction in the
hierarchical composite
of all-cause mortality,
cardiovascular
hospitalizations,
change in NT-proBNP,
and change in 6MWT,
along with reduced
rates of 6MWT distance
and KCCQ decline

None

Gene silencers

Patisiran siRNA targeting TTR
mRNA

Approved for
ATTR-PN,
but not for
ATTR-CA

Intravenous
infusion

80-min infusion based on body
weight every 3 wks:
<100 kg ¼ 0.3 mg/kg;
>100 kg ¼ 30 mg

APOLLO-B RCT demonstrating a
reduction in the rate of
6MWT distance decline
compared with
placebo, along with a
reduced rate of KCCQ
decline

Infusion related
reactions

Vitamin A
deficiency

Peripheral oedema

Vutrisiran siRNA targeting TTR
mRNA

Approved for
ATTR-PN,
but not for
ATTR-CA

Subcutaneous
injection

25 mg injection every 3 months HELIOS-B RCT demonstrating a
reduction in the
composite of all-cause
mortality and recurrent
cardiovascular events
in the overall
population and the
monotherapy
population, along with
reduced rates of 6MWT
distance and KCCQ
decline

Infusion related
reactions

Vitamin A
deficiency

Nasopharyngitis
Headache
Urinary tract

infections
Dyslipidemia

Eplontersen ASO inhibitor of TTR
production

Approved for
ATTR-PN,
but not for
ATTR-CA

Subcutaneous
injection

45 mg monthly CARDIO-
TTRansform

CARDIO-TTRansform is a
phase 3 RCT designed
to assess the efficacy of
eplontersen in patients
with ATTR-CA

Headache
Vitamin A

deficiency

Continued on the next page
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A small retrospective study has shown that pa-
tients who achieved a complete hematological
response displayed improvements in longitudinal
strain alongside reductions in NT-proBNP and
troponin-I.103 These observations were supported by
a larger prospective study confirming that patients
who achieved a complete hematological response
experienced an improvement in longitudinal strain,
and a clinically significant improvement in longitu-
dinal strain ($2%) was independently associated with
a reduced risk of mortality.64 Following these results,
change in GLS has been used as an exploratory
endpoint in a phase 2 trial of anselamimab, whereby
treatment resulted in a significant improvement in
GLS in 9 of 10 patients.101

Advances in CMR techniques have enabled the
assessment of changes in the myocardial tissue
composition in response to treatment, with global
changes in ECV representing an accurate surrogate
marker of the change in CA burden. A prospective
study of patients with AL-CA treated with first-line
bortezomib-based chemotherapy has shown that



TABLE 3 Continued

Drug
Mechanism of

Action
Stage of
Approval

Route of
Administration Dose

Phase 3
Clinical Trial

Cardiovascular Trial
Outcomes Side Effects

Gene editing
therapy

NTLA-2001 CRISP-Cas9 editing
of the TTR gene

Under
investigation

Intravenous
infusion

0.1 mg/kg or 0.3 mg/kg given
once

NA A small phase 1 trial has
demonstrated that
NTLA-2001 is safe and
results in a sustained
TTR knockdown

Headache
Vitamin A

deficiency

Anti-ATTR amyloid
therapies

NI006 Recombinant human
anti-ATTR
monoclonal IgG1
antibody that
binds ATTR-
amyloid

Under
investigation

Intravenous
infusion

4 weekly infusions with doses
ranging from 0.3-60 mg/kg

NA A small phase 1 trial has
demonstrated that
NI006 is safe and at
higher doses appeared
to reduce NT-proBNP,
troponin I, and
myocardial
extracellular volume. A
phase 3 trial will assess
efficacy in ATTR-CA.

Arthralgia
Thrombocytopenia

PX004 Humanized IgG
antibody that
binds ATTR-
amyloid

Under
investigation

Intravenous
infusion

4 weekly infusions with doses
ranging from 0.1-3.0 mg/kg

NA A small phase 1 trial has
demonstrated that
PX004 is safe

Unknown

AT-02 Pan amyloid removal
technology using
a single-chain
fusion protein to
stimulate
immunological
removal of
amyloid

Under
investigation

Intravenous
infusion

Dosing not available NA A small phase 1 trial is
currently ongoing

Unknown

6MWT ¼ 6-minute walk test; ASO ¼ antisense oligonucleotide; CA ¼ cardiac amyloidosis; FDA ¼ U.S. Food and Drug Administration; IgG ¼ immunoglobulin G; mRNA ¼ messenger RNA; NA ¼ not available;
NSAID ¼ nonsteroidal anti-inflammatory drug; PN ¼ polyneuropathy; RCT ¼ randomized controlled trial; siRNA ¼ small interfering RNA; TTR ¼ transthyretin; other abbreviations as in Tables 1 and 2.
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some patients who achieved a deep and rapid hema-
tological response attained myocardial ECV regres-
sion which occurred before any detectible changes in
cardiac structure and function. However, not all pa-
tients with a deep reduction in the amyloid precursor
protein attained disease regression, suggesting that
this is not sufficient alone. Amyloid deposition in-
volves constant turnover with disease progression
occurring when the rate of formation exceeds clear-
ance, and regression vice versa. Therefore, regression
is equally dependent on a deep hematological
response and intrinsic amyloid clearance mecha-
nisms. Multiparametric mapping has enhanced our
understanding of cardiac response to treatment, with
reductions in ECV being followed by improvements in
systolic function and reductions in LV mass. Changes
in ECV remained independently associated with
prognosis, even after adjusting for the hematological,
NT-proBNP, and longitudinal strain response
(Figure 7).104

Multiorgan ECV measurements have also shown
utility in tracking the hepatic and splenic response to
treatment. The changes in visceral organ ECV
correlate well with changes in amyloid burden
measured by SAP scintigraphy and serum biomarkers
reflective of the organ amyloid load. The rate of
regression varied between organs with the visceral
organs demonstrating a faster rate of regression than
the heart, suggesting different rates of amyloid
clearance in different organs. Changes in hepatic and
splenic ECV were associated with prognosis, with the
change in hepatic ECV remaining independently
associated with mortality after adjusting for the he-
matological response, NT-proBNP response, and
change in myocardial and splenic ECV. The absence of
ionizing radiation and the excellent safety profile of
gadolinium-based contrast agents allow for the safe
integration of serial CMR scans into clinical practice
to track the multiorgan treatment response.30

Serial myocardial native-T1 measurements are also
able to track the cardiac treatment response, with
reductions in native T1 being associated with favor-
able biochemical, structural, and functional changes.
Native T1 represents a composite signal influenced by
intracellular and extracellular space. Therefore,
changes in native T1 reflected both changes in the



FIGURE 7 Changes on CMR Imaging in Response to Treatment in the Context of Cardiac Light Chain Amyloidosis
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amyloid burden and myocardial edema, and impor-
tantly remained independently associated with
prognosis.105

Early investigational data suggest that changes in
PET tracer uptake may be used to track the treatment
response, with one small study showing that
patients deemed to have active AL-CA had a
higher 18F-florbetapir cardiac uptake than those in
remission.51 However, this study lacked serial imag-
ing with longitudinal follow-up; therefore, further
studies are needed to investigate whether these
changes not only correlate with changes in estab-
lished markers of disease burden but also prognosis.

FUTURE PERSPECTIVES

CA has become an increasingly recognized cause of
heart failure, and increased awareness together with
advanced diagnostics and the emergence of disease
specific therapies have all contributed to patients
being diagnosed earlier in the disease course. How-
ever, a significant proportion of patients are still
diagnosed with advanced cardiac disease. The
development of screening programs may offer an
opportunity to detect patients at an earlier disease
stage. A focus on developing automated screening
algorithms that could flag a suspicion of CA from a
routine echocardiogram could result in more patients
being detected at earlier disease stages and facilitate
the prompt initiation of disease modifying therapies.

Artificial intelligence may not only improve diag-
nostic accuracy but also the elimination of manual
operator contouring and it provides highly repro-
ducible and precise measurements, which is funda-
mental when tracking changes in response to
treatment, especially when changes over time in
these parameters are considered minimal.24,79 The
ability to track the change in amyloid burden in
response to treatment is of increasing importance
especially considering the impending availability of



CENTRAL ILLUSTRATION Typical Imaging Features for a Patient With Cardiac Transthyretin Amyloidosis

Cardiac scintigraphy

Cardiac magnetic resonance

Echocardiography

Positron emission
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Fontana M, et al. JACC Cardiovasc Imaging. 2025;18(4):478–499.
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multiple disease modifying therapeutic options as
well as the development of several compounds that
promote regression by directly targeting and
enhancing the clearance of existing amyloid deposits.
CMR with multiparametric mapping has already
demonstrated utility in tracking changes in the amy-
loid burden and, although PET and other tracers
remain at an early investigational stage, preliminary
data suggest that serial studies may also be able to
track changes in response to treatment. Multi-
modality imaging studies are required to further
optimize the precision of each imaging modality and
decipher which modality is most suited to tracking
changes over time.

CONCLUSIONS

Advances in cardiac imaging techniques have trans-
formed the ability to diagnose, prognosticate, and
treat patients with CA (Central Illustration). The
additional information obtained from advanced car-
diac imaging, such as multiparametric mapping, has



HIGHLIGHTS

� Cardiac amyloidosis represents an infil-
trative cardiomyopathy characterized by
accumulation of amyloid fibrils within the
myocardium.

� Advances in multimodality imaging have
facilitated earlier diagnosis and prompt
initiation of disease modifying therapies.

� Cardiac imaging will play a key role in
tracking treatment response.

� Research focused on improved precision
may augment detection of changes
earlier during treatment.

Fontana et al J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 8 , N O . 4 , 2 0 2 5

The Last Decade in Cardiac Amyloidosis A P R I L 2 0 2 5 : 4 7 8 – 4 9 9

496
enhanced our understanding of the underlying dis-
ease process and identified noninvasive measures of
the CA burden, which enable direct visualization of
the impact of disease modifying therapies, with suc-
cessful treatments resulting in amyloid removal and
disease regression. Cardiac imaging has enabled cli-
nicians to understand how the myocardium responds
to treatment and allowed clinicians to tailor treat-
ment strategies to each individual patient. As tech-
nology advances, the integration of artificial
intelligence represents the next frontier, and the
application of automated algorithms to large data sets
may enable further improvements in diagnostic ac-
curacy, potentially resulting in earlier diagnosis and
improvements in precision that are likely to enhance
our ability to track the change in CA burden in
response to treatment.
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