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Cardiac amyloidosis (CA) is a progressive, underdiagnosed condition caused by the 
deposition of misfolded proteins in the myocardium, forming amyloid fibrils that 
impair cardiac structure and function. This review highlights recent advances in 
the diagnosis and treatment of amyloid light-chain (AL) and transthyretin (ATTR) 
CA, which globally account for most cases of CA. Novel diagnostic tools, 
including artificial intelligence-enhanced analysis and advanced imaging 
modalities like positron emission tomography with amyloid-specific tracers, 
might improve detection rates and diagnostic accuracy to enable non-invasive 
subtype differentiation. Furthermore, many innovative treatments are being 
investigated. For AL-CA, anti-fibril therapies are showing promising results, 
complementing traditional chemotherapy and autologous stem cell 
transplantation. In ATTR-CA, gene silencing and anti-fibril therapies are being 
tested in clinical trials and hold promise of halting disease progression and 
reducing amyloid deposits, respectively.

Cardiac amyloidosis (CA) is a progressive condition 
resulting from the deposition of misfolded proteins in 
the heart as amyloid fibrils, leading to structural and 
functional impairment. The two main subtypes are light- 
chain (AL) amyloidosis, caused by the accumulation of 
immunoglobulin light chains, and transthyretin (ATTR) 
amyloidosis, involving either wild-type (wt) or mutated 
(variant, v) transthyretin (TTR). Early diagnosis is crucial 
for effective management due to the irreversible 
damage caused by amyloid deposits.1 This review 
summarizes the recent advances in diagnostic tools, 
including imaging techniques such as positron emission 
tomography (PET) and novel applications of artificial 
intelligence (AI), as well as innovations in treatments, 
including use of monoclonal antibodies and gene 
silencing therapies.

Diagnosis of CA

Current diagnostic algorithm
The diagnostic algorithm of CA begins with a suspicion 
triggered by specific ‘red flags’. Cardiac-related red flags 
include low QRS voltages relative to left ventricular (LV) 
mass, pseudonecrosis Q waves, atrioventricular conduction 
system disorders on electrocardiogram (ECG), 
disproportionate LV wall thickening without a clearly 
identifiable cause (pseudohypertrophy), sustained plasma 
elevation of N-terminal pro-B-type natriuretic peptide 
(NT-proBNP), and troponin I or T levels.2 Signs such as 
unexplained right heart failure or pericardial effusion may 
also raise suspicion. Extracardiac red flags, such as 
musculoskeletal alterations (e.g. carpal tunnel syndrome, 
spontaneous tendon rupture, lumbar spinal stenosis), are 
often early indicators of CA, especially in ATTR amyloidosis. 
Although proteinuria, macroglossia, and arterial 
hypotension and other symptoms of autonomic dysfunction 
may hint at AL-CA, they often occur when the disease is 
already at an advanced stage.2
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The diagnostic work-up aims at differentiating the two main 
subtypes of AL-CA and ATTR-CA because treatment differs. 
This goal is achieved through the use of scintigraphy using 
bone tracers like technetium-labeled pyrophosphate or 
diphosphonates, which help detect ATTR deposits in the 
heart.3,4 Serum and urine protein immunofixation and serum 
free light chain (FLC) assays are performed to check for the 
presence of monoclonal proteins, which may indicate AL 
amyloidosis.5,6 Different guidelines from various medical 
societies (e.g. European Society of Cardiology, American 
Heart Association) emphasize the need for early diagnosis 
since patient outcomes depend largely on early initiation of 
therapy, especially in AL-CA.2,7–11 They agree on the use of 
scintigraphy and monoclonal protein tests but differ slightly 
in the sequence of tests. Based on these tests, one of four 
scenarios may arise: 

(1) If scintigraphy shows no cardiac uptake and no 
monoclonal protein is detected, CA is considered 
unlikely. However, if clinical suspicion persists, further 
testing, such as cardiac magnetic resonance (CMR) 
imaging or a biopsy, may be warranted, as some rare 
forms of CA may yield negative scintigraphy results.

(2) If cardiac uptake is detected on scintigraphy but no 
monoclonal protein is found, and the uptake is strong 
(grade 2 or 3 on the Perugini scale), ATTR-CA can be 
diagnosed without a biopsy. Genetic testing is crucial 
at this stage to differentiate between the wt and v 
forms of ATTR. In cases of weak uptake (grade 1), 
histological confirmation through biopsy, possibly 
including also an extracardiac site, is required.

(3) In the case of no cardiac uptake but a positive monoclonal 
protein test, AL amyloidosis is suspected. CMR may 
assist in determining whether cardiac involvement 
exists. If imaging suggests amyloidosis or results are 
inconclusive, a tissue biopsy from the heart or another 
affected organ, such as the kidneys, liver, or 
gastrointestinal tract, is needed.

(4) If both cardiac uptake and monoclonal protein are found, 
a combination of ATTR amyloidosis with monoclonal 
gammopathy of unknown significance, AL amyloidosis, 
or the coexistence of both amyloidosis forms is 
considered. In these cases, endomyocardial biopsy for 
histological amyloid typing is essential.2

Biomarkers, echocardiography, and CMR: new 
applications of old diagnostic tools
Elevated levels of natriuretic peptides and troponin are 
commonly employed as generic ‘red flags’ for suspecting 
CA. However, these biomarkers may hold a precise 
diagnostic value.12 In a cohort of 343 patients with clinical 
suspicion of CA, NT-proBNP, and high-sensitivity troponin 
T (hs-TnT), either alone or combined, achieved high 
diagnostic accuracy [area under the curve (AUC) 0.721– 
0.821] for CA, which was confirmed in an external 
validation cohort of 806 patients with suspected CA (AUC 
0.830–0.843). NT-proBNP <180 ng/L and hs-TnT <14 ng/L 
emerged as reliable thresholds to rule out CA, and hs-TnT 
≥86 ng/L as an effective rule-in cut-off. These cut-offs 
performed well across various subgroups, supporting their 
broader clinical application.13

Speckle tracking echocardiography (STE) allows for 
quantitative analysis of myocardial function. It is 
particularly valuable for detecting CA in the initial stages, 

where longitudinal function is impaired while radial 
thickening remains preserved. STE can identify specific 
patterns, such as apical sparing (where basal myocardial 
segments show hypokinesis and apical segments retain 
contractility), typical of CA, distinguishing it from other 
causes of cardiac hypertrophy, such as hypertrophic 
cardiomyopathy and aortic stenosis. The longitudinal strain 
(LS) and global LS (GLS, i.e. the average of segmental 
strain values) measures are key parameters, with GLS 
values > −15% indicating subclinical disease. Other 
parameters such as the relative regional strain ratio and 
the septal apical-to-basal ratio further differentiate CA 
from other hypertrophic diseases. LS and septal apical-to- 
basal ratio have been included in multiparametric 
echocardiography scores for the diagnosis of CA. 
Specifically, the AL score and the IWT scores have been 
proposed to assess patients referred by hematologists or 
with unexplained LV hypertrophy, respectively. These 
scores are composed of four or five variables, respectively, 
including strain data.14 The AMYLoidosis Index (AMYLI) is a 
simplified version, consisting only of relative wall thickness 
and E/e′ ratio, that can be applied when STE imaging is not 
available.15 Additionally, the HFA-PEFF score has shown 
diagnostic utility in patients with CA-caused heart failure 
with preserved ejection fraction.16 Recently, the Mayo 
ATTR-CM score has been specifically devised to aid the 
identification of patients with heart failure and preserved 
ejection fraction requiring a screening for ATTR-CA. Score 
variables included age, male sex, hypertension, relative 
wall thickness >0.57, posterior wall thickness ≥12 mm, and 
ejection fraction <60%.17 The Mayo ATTR-CM score shows a 
better discrimination compared with the IWT score, AMYLI 
score, and hs-TnT rule-in cut-off of 86 ng/L to distinguish 
ATTR-CA from AL-CA or no CA.18 STE may also help guide 
the differential diagnosis between amyloidosis subtypes.19

LV strain values are usually significantly worse in AL-CA, 
except for apical LV strain, which is usually more reduced 
in ATTR-CA. Right ventricular free-wall LS (particularly in 
its basal and mid-segments) is usually more impaired in 
AL-CA, while left atrium reservoir and pump functions are 
more reduced in wt ATTR-CA.19–23

CMR is usually employed to suspect CA in case of cardiac 
hypertrophy or to detect cardiac involvement in patients 
with an already diagnosed systemic amyloidosis.24 Multiple 
CMR modalities such as late gadolinium enhancement, T1 
and T2 mapping, and myocardial extracellular volume 
quantification are commonly used in clinical practice.1

CMR also allows precise assessment of myocardial strain 
thanks to the improved image quality compared to 
echocardiography.25 In addition, diffusion tensor imaging 
(DTI) is a promising contrast-free method that examines 
myocardial microstructure, enabling the detection of 
amyloid infiltration and distinguishing CA from other heart 
diseases. DTI has also revealed differences in myocardial 
mechanics between AL and ATTR amyloidosis.26

PET: a novel tool for etiological diagnosis
The validation of bone tracer scintigraphy as a diagnostic 
tool for CA has allowed to reach a definitive non-invasive 
diagnosis of ATTR-CA in a considerable number of 
patients.4,24,27 In contrast, the diagnosis of AL-CA still 
requires histologic demonstration of amyloid deposits, 
often achievable only through an endomyocardial biopsy, 
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with intrinsic procedural risks.2 Nonetheless, some PET 
radiotracers are emerging as novel tools for non-invasive 
detection of amyloid deposits in the heart, providing 
valuable information about the type and extent of amyloid 
involvement.28,29 Several PET radiotracers, including 
11C-Pittsburgh Compound B (11C-PiB), 18F-flutemetamol, 
18F-florbetapir, 18F-florbetaben, and 18F-sodium fluoride 
(18F-NaF), have demonstrated a diagnostic potential in 
differentiating amyloid subtypes, quantifying amyloid 
burden, and monitoring disease progression. Additionally, 
the integration of PET with cardiac computed tomography 
or magnetic resonance imaging may further enhance the 
detection and localization of amyloid deposits (Figure 1).

11C-PiB, originally developed for Alzheimer’s disease, is 
one of the earliest PET radiotracers applied for CA 
detection. Studies have shown that it can identify both AL 
and ATTR amyloidosis and differentiate them based on the 
degree of uptake.30 However, due to its short half-life, the 
need for an on-site cyclotron limits its clinical applicability.31

18F-Flutemetamol, with a longer half-life of 110 min, has 
emerged as a promising alternative to 11C-PiB.32 It offers 
greater logistical flexibility and has demonstrated high 
sensitivity and specificity for detecting ATTR-CA. It 
correlates with key cardiac structural markers, such as LV 
wall thickness and mass, making it useful for quantifying 
disease burden.33 Additionally, 18F-flutemetamol might be 
valuable in monitoring treatment response, although more 
studies are required to confirm this assumption.34

18F-Florbetapir has been approved by the Food and Drug 
Administration (FDA) for amyloid imaging in Alzheimer’s 
disease35 and has been adapted for CA. It offers the 
advantage of a longer scan window,36 and studies have 
shown its ability to differentiate between amyloidosis 
patients and controls, particularly in AL amyloidosis.37 In a 
pilot study, higher retention index values were observed in 
AL patients compared to ATTR, indicating its possible role 
in subtype differentiation.38 18F-Florbetapir has also shown 
potential as a prognostic tool in AL-CA, predicting 
cardiovascular events,39 and can even detect early right 
ventricular amyloid deposition before structural changes 
occur, making it a promising tool for early diagnosis.40

18F-Florbetaben is another FDA-approved PET radiotracer 
that has shown significant promise in differentiating AL and 
ATTR amyloidosis. In a pivotal study by Genovesi et al., 
18F-florbetaben PET/computed tomography effectively 
distinguished between AL-CA and ATTR-CA based on 
myocardial tracer retention at delayed acquisitions. Both 
early and delayed standardized uptake values (SUVs) were 
significantly higher in AL-CA compared to ATTR-CA (5.55 vs. 
2.55 and 3.50 vs. 1.25, respectively) or LV hypertrophy 
(early SUV 3.50; delayed SUV 1.40), offering a clear 
diagnostic distinction between the two subtypes. 
Furthermore, the study demonstrated a correlation 
between 18F-florbetaben uptake and echocardiographic 
markers such as LV wall thickness and LS, providing a 
comprehensive assessment of disease burden and cardiac 
function.41 The ongoing phase III trials PETAL and CARdiag 
are investigating the diagnostic performance of 
18F-florbetaben for visualizing and quantifying amyloid in 
patients with suspected AL-CA, with the ambition to 
potentially eliminating the need for tissue biopsy.42,43

18F-NaF, originally developed for bone imaging, has been 
repurposed for CA. It has shown promise in differentiating 
ATTR-CA from AL-CA based on calcium metabolism 

differences.38,44 However, its diagnostic sensitivity is lower 
than scintigraphic 99mTc-labeled tracers.45

One of the newest additions to PET imaging for amyloidosis 
is 124I-evuzamitide, a pan-amyloid-reactive peptide. Early 
studies have shown that it correlates well with cardiac 
structural parameters measured by echocardiography and 
CMR, suggesting its potential as both a diagnostic and a 
monitoring tool for amyloidosis patients.46

AI: is there a role for CA diagnosis?
AI can process large volumes of data, including clinical 
variables, ECG, and imaging techniques like echocardio- 
graphy and CMR, to enhance diagnostic sensitivity and 
specificity beyond human capabilities. Several studies 
underscore AI’s potential in improving the diagnosis of 
CA. For instance, Grogan et al. developed an 
AI-enhanced ECG model using data from 2541 CA 
patients at the Mayo Clinic, which demonstrated an AUC 
of 0.91, significantly improving CA detection. Their 
model successfully identified CA up to 6 months before 
clinical diagnosis in 59% of cases, outperforming 
traditional diagnostic methods.47 Another study by Zhang 
et al. used echocardiography data from 14 035 patients 
to train convolutional neural networks, achieving 
C-statistics of 0.93 for hypertrophic cardiomyopathy and 
0.87 for CA. These convolutional neural networks 
automated tasks like chamber segmentation and disease 
classification with high accuracy, matching, or surpassing 
human performance.48

In addition to ECG and echocardiography, AI has also been 
applied to advanced imaging techniques. Antonopoulos 
et al. used machine learning to analyse T1 mapping 
radiomics in CMR, differentiating CA from other forms of LV 
hypertrophy with an AUC of 0.84.49 AI tools have also 
shown promise in PET, with early studies demonstrating 
high sensitivity and specificity in detecting CA.50

Despite recent advancements, AI applications in CA face 
limitations due to the disease’s rarity, which results in small 
datasets that hinder the development of robust models. 
Additionally, these AI tools require refinement to reliably 
screen asymptomatic populations, where sensitivity tends to 
decrease. To address these challenges, larger, diverse 
datasets, and standardized protocols are essential. 
Identifying the optimal application of AI is also crucial, 
whether for broad population screening, patients 
undergoing specific diagnostic tests (ECG, echocardiography, 
CMR), or individuals with certain conditions (e.g. cardiac 
hypertrophy, monoclonal gammopathy of unknown 
significance, severe aortic stenosis). Furthermore, selecting 
the appropriate analytical approach is critical, whether 
utilizing a single method (such as deep learning or machine 
learning) or integrating multiple techniques, potentially 
alongside clinical features. As AI models continue to evolve, 
they hold the potential to revolutionize CA diagnosis by 
facilitating earlier detection, minimizing misdiagnoses, and 
guiding precision medicine (Figure 1).

Treatment of CA

Treatment of amyloid light-chain amyloidosis: 
from standard chemotherapy to monoclonal 
antibodies and anti-fibril therapies
Therapeutic success in AL amyloidosis is gauged by 
hematologic and organ responses. Hematologic responses 
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focus on reducing cytotoxic amyloidogenic FLC levels, with a 
complete hematological response defined as normalized 
FLCs and negative serum and urine tests.51–53 Achieving 
a complete response is associated with improved 
outcomes.52,53 However, even partial responses can prolong 
survival.52,53 Organ responses are defined by improvements 
in their function,51 such as reductions in NT-proBNP for 
cardiac involvement54 and decreased proteinuria for renal 
disease.55,56 Regular monitoring of response to treatment is 
essential, with adjustments made when responses are 
inadequate.52 Figure 2 highlights current and future 
treatment options for AL amyloidosis.

Autologous stem cell transplantation (ASCT) is an option 
for 20–25% of newly diagnosed patients, with the best 
results seen in those with minimal cardiac involvement 
and favourable cytogenetics.57 However, ASCT carries 
risks, including transplant-related mortality, particularly 
in patients with significant cardiac disease, so patient 
selection is critical.58,59 If a delay in transplantation is 
anticipated and the patient has multiple myeloma or a 
plasma cell burden above 10%, two to four cycles of 
induction therapy are recommended.60 Traditionally, 
cyclophosphamide-bortezomib-dexamethasone (CyBorD) 
and bortezomib-melphalan-dexamethasone were 
common induction regimens.60 Recently, daratumumab, 
an anti-CD38 monoclonal antibody, has been added to 

standard therapy, particularly for relapsed or refractory 
AL amyloidosis.60

For patients ineligible for transplantation, chemotherapy 
treatments targeting plasma cells are the mainstay.61,62 The 
combination of daratumumab and CyBorD has become 
the standard of care for these patients, offering high 
response rates.63 In cases of advanced cardiac involvement, 
dose modifications are essential, and single-agent therapies 
are considered.64 In relapsed or refractory cases, treatment 
options expand to second-generation proteasome inhibitors 
like carfilzomib and ixazomib, and immunomodulatory 
drugs like pomalidomide.61,63 A second ASCT may also be 
considered in selected patients who initially responded well 
to the procedure.65

Monoclonal antibodies that target the plasma cell clone, 
such as daratumumab, have emerged as a powerful 
adjunct in treating AL amyloidosis.66 Daratumumab is a 
human anti-CD38 IgG1κ monoclonal antibody, initially 
approved for the treatment of multiple myeloma, which 
has shown substantial efficacy in AL amyloidosis.67 It works 
by inducing direct apoptosis of plasma cells through 
antibody-dependent cellular cytotoxicity, targeting the 
underlying plasma cell clone responsible for producing 
amyloidogenic light chains.68 In the phase III ANDROMEDA 
trial, daratumumab, combined with CyBorD, demonstrated 
a hematologic response rate of 92%, significantly higher 

Figure 1 Possible integration of artificial intelligence tools and positron emission tomography in the diagnostic algorithm for light-chain cardiac amyloidosis. 
Artificial intelligence tools may refine clinical suspicion of cardiac amyloidosis. Positron emission tomography computed tomography or magnetic resonance 
imaging might allow the non-invasive diagnosis of amyloid light-chain-cardiac amyloidosis, thus limiting the need for histological confirmation. ECG, 
electrocardiogram; CMR, cardiac magnetic resonance; 99mTc-DPD, technetium-99m-labelled 3,3-diphosphono-1,2-propanodicarboxylic acid; PYP, 
pyrophosphate; HMDP, hydroxymethylenediphosphonate; SPECT, single-photon emission computed tomography.
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than the 77% achieved with CyBorD alone.69 Moreover, it 
produces a cardiac response in 42% of patients, compared 
to 22% in the control group.69 These results led to the 
FDA’s accelerated approval of daratumumab in 
combination with CyBorD for newly diagnosed AL 
amyloidosis patients in 2021.68 Other monoclonal 
antibodies, such as isatuximab and elotuzumab, have also 
been explored for treating AL amyloidosis.70–72 Isatuximab, 
like daratumumab, targets CD38 on plasma cells and has 
shown efficacy in relapsed and refractory AL amyloidosis.70

In a phase II study, isatuximab achieved a 77% overall 
hematologic response rate, with 54% of patients reaching a 
very good partial response.70 Elotuzumab targets SLAMF7, 
a glycoprotein expressed on plasma cells and has been 
investigated as part of combination therapies for relapsed 
patients.72 Early studies suggest that it may enhance the 
efficacy of standard chemotherapy regimens when used in 
combination with agents like lenalidomide or bortezomib.73

Anti-fibril therapies offer a unique approach to AL 
amyloidosis by directly targeting the amyloid deposits 
themselves, which contribute to organ dysfunction, rather 
than solely focusing on the clonal plasma cells responsible 
for producing the amyloidogenic light chains.67 These 
therapies are primarily based on monoclonal antibodies 
designed to recognize and facilitate the clearance of 
amyloid deposits.67 Birtamimab is a humanized IgG1 
monoclonal antibody that binds to misfolded amyloid fibrils 
and promotes their clearance by recruiting the immune 
system’s phagocytic cells.74 Birtamimab has been tested in 
several clinical trials, showing varying degrees of efficacy 

depending on patient subgroups. In early-phase studies, it 
was found to be safe and well-tolerated.75 However, the 
phase III VITAL trial, which aimed to evaluate its 
effectiveness in newly diagnosed patients with cardiac 
involvement, was terminated early due to futility based on 
interim analyses.76,77 Despite this setback, post-hoc 
analyses revealed a survival benefit in patients with 
advanced disease, particularly those classified as Mayo 
stage IV.76 This prompted the initiation of the AFFIRM-AL 
trial, a phase III study focusing on patients with advanced 
CA.78 Another promising agent in this class is anselamimab, 
a monoclonal antibody targeting a neo-epitope on 
misfolded light chains, thereby facilitating the removal of 
amyloid fibrils by macrophages.79 Anselamimab has shown 
encouraging results in early-phase studies, particularly in 
patients with cardiac involvement.66 In a phase I/II trial, 
anselamimab demonstrated a good safety profile and a 
significant cardiac response, with 67% of patients 
experiencing an early and sustained organ response, as 
evidenced by improvements in GLS.80,81 Based on these 
promising results, two phase III trials are currently 
underway, focusing on patients with advanced CA. These 
trials will further assess the efficacy of anselamimab in 
combination with standard chemotherapy regimens.82,83

Treatment of ATTR amyloidosis: from 
stabilizers to gene editing
ATTR amyloidosis was previously treated only through liver 
transplantation,84,85 whereas recent advancements have 

Figure 2 Treatment of light-chain amyloidosis. The current regimens for light-chain amyloidosis focus on anti-plasma cell dyscrasia strategies, which involve 
standard chemotherapy and monoclonal antibodies such as daratumumab, as well as autologous stem cell transplant for a small percentage of patients. 
Recently, antibodies eliminating amyloid deposits have emerged as a promising option. BMDex, bortezomib and dexamethasone; CyBorD, 
cyclophosphamide, bortezomib, and dexamethasone; CD, cluster of differentiation; SLAMF7, signalling lymphocytic activation molecule F7.
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introduced a variety of pharmacological therapies targeting 
different stages of the amyloidogenic process, from TTR 
stabilization to gene editing (Figure 3).

Tafamidis prevents TTR tetramer dissociation into 
amyloidogenic monomers.86 In the ATTR-ACT trial, 441 
patients with ATTR-CA (75% ATTRwt) were randomized to 
receive tafamidis (80 or 20 mg) or placebo.87 Tafamidis 
demonstrated a significant reduction in all-cause mortality 
[hazard ratio (HR) 0.70, 95% CI 0.51–0.96] and 
cardiovascular hospitalizations (HR 0.68, 95% CI 0.56–0.81). 
Furthermore, it slowed the decline in 6-minute walk 
distance (6MWD) and improved quality of life (Kansas 
City Cardiomyopathy Questionnaire-Overall Summary, 
KCCQ-OS).86 However, subgroup analysis revealed higher 
hospitalization rates among New York Heart Association 
(NYHA) class III patients, possibly due to the drug 
prolonging survival in advanced disease stages.88 Tafamidis 
is currently the only approved disease-modifying drug 
approved for ATTR-CA in Europe (NYHA I–II) and the United 
States (NYHA I-III).2 Acoramidis is another promising TTR 
stabilizer.89,90 Unlike tafamidis, acoramidis binds TTR with 
greater selectivity, mimicking the protective T119M 
variant, which prevents amyloid deposition. The phase III 
ATTRibute-CM trial, involving 632 patients followed for 

30 months, demonstrated that acoramidis resulted in a 
significantly better four-step primary hierarchical 
outcome, which included death from any cause, 
cardiovascular-related hospitalization, change from 
baseline in NT-proBNP levels and 6MWD. This yielded a win 
ratio of 1.8 (95% CI 1.4–2.2) compared to placebo.91

While TTR stabilizers aim to prevent the progression of 
amyloid formation, gene silencing therapies target the 
underlying cause by reducing the production of TTR protein 
by hepatocytes. Patisiran, the first small interfering RNA 
approved for ATTRv polyneuropathy in 2018, showed 
remarkable efficacy in the phase III APOLLO trial.92

Patisiran reduced serum TTR levels by 80%, improved 
neuropathy (mNIS + 7), and quality of life (Norfolk Quality 
of Life-Diabetic Neuropathy), as well as reduced 
NT-proBNP levels in patients with cardiac involvement.92 In 
the phase III APOLLO-B trial, enrolling patients with ATTRv 
polyneuropathy with or without cardiac involvement, 
patisiran suppressed circulating TTR levels by 86 ± 13.6% 
and improved quality of life, as displayed by 6MWD and the 
KCCQ-OS score, after 12 months of treatment. However, 
common side effects of patisiran are infusion-related 
reactions, requiring premedication and vitamin A 
supplementation due to reduced circulating TTR levels.86

Figure 3 Treatment of transthyretin amyloidosis. Modified from Aimo et al.103 The actual treatment of transthyretin amyloidosis is mainly based on 
transthyretin stabilization, with tafamidis being the only commercially available option for patients with cardiac involvement without polyneuropathy. 
However, new approaches such as transthyretin synthesis suppression through RNA silencing, antisense oligonucleotide and gene editing, and elimination 
of amyloid deposits with monoclonal antibodies are emerging as valuable alternatives. ASO, antisense oligonucleotide; RISC, RNA-induced silencing 
complex; sgRNA, single-guide RNA; siRNA, small interfering RNA.
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Vutrisiran, a second-generation small interfering RNA, 
offers the same therapeutic effect as patisiran but with 
less frequent dosing (every 3 months, subcutaneously).93 In 
the HELIOS-A trial, enrolling patients with ATTRv 
polyneuropathy, vutrisiran achieved an 88% reduction in 
TTR and improved neuropathy and quality of life.93 It 
demonstrated non-inferiority to patisiran and was 
well-tolerated without the need for premedication, though 
patients still required vitamin A supplementation.94

Subsequently, HELIOS-B was conducted to analyse the 
ATTR-CA population, focusing on cardiovascular outcomes. 
The study showed that vutrisiran reduced all-cause 
mortality and recurrent cardiovascular events more 
effectively than placebo, either when administered with 
tafamidis (0.72; 95% CI 0.56–0.93; P = 0.01) or as 
monotherapy (0.67; 95% CI 0.49–0.93; P = 0.02). 
Additionally, this drug preserved functional capacity and 
quality of life in ATTR-CA patients compared to placebo.95

Antisense oligonucleotides (ASO) represent another 
approach to silencing TTR gene expression. Inotersen, the 
first ASO approved for ATTRv polyneuropathy in 2018, 
showed positive results in the phase 3 NEURO-TTR trial.96 It 
reduced TTR levels by 84%, improved neuropathy (mNIS +  
7), and quality of life (Norfolk Quality of Life-Diabetic 
Neuropathy) scores. However, adverse effects such as 
thrombocytopenia and glomerulonephritis were reported, 
requiring regular platelet and renal monitoring. To address 
these safety concerns, eplontersen, a GalNAc-conjugated 
ASO, was developed.97 Eplontersen is 50 times more potent 
than inotersen in reducing TTR expression, with fewer side 
effects. The ongoing CARDIO-TTRansform trial is evaluating 
its efficacy in ATTR-CA, with an expected enrolment of 
1500 patients.98

One of the most groundbreaking developments in the field 
of ATTR amyloidosis treatment is gene editing using 
CRISPR-Cas9 technology.99 Nexiguran ziclumeran (NTLA- 
2001), a CRISPR-Cas9-based therapy, is designed to 
permanently edit the TTR gene in hepatocytes, thus 
stopping the production of both wt and mutant TTR.99

Early animal studies showed that a single dose of nexiguran 
ziclumeran reduced serum TTR levels by up to 96%, with 
similar results in early human trials.99 In a phase I study, 
patients treated with nexiguran ziclumeran experienced 
significant TTR knockdown, with no severe adverse effects 
reported.99 The potential for this therapy to offer a 
one-time, permanent solution makes it a revolutionary 
approach in the treatment landscape of TTR amyloidosis. 
However, long-term monitoring is required to assess the 
risks of off-target gene editing and other potential 
complications. The phase III MAGNITUDE trial is currently 
evaluating the efficacy and safety of intravenous infusion 
single dose of nexiguran ziclumeran in ATTR-CA patients 
compared to placebo.100

Anti-TTR antibodies represent another promising 
approach to the treatment of ATTR amyloidosis, specifically 
targeting the removal of amyloid deposits that have 
already accumulated in tissues. These antibodies work by 
stimulating the immune system to recognize and clear 
amyloid fibrils, potentially reversing the damage caused by 
the disease. Several antibodies are currently under 
development and have shown early success in clinical 
trials. One of the most advanced candidates is ALXN2220 
(formerly NI006), a humanized monoclonal antibody that 
has been evaluated in a phase I clinical trial for both 

hereditary and wt ATTR-CA.101 The trial aimed to assess the 
safety and preliminary efficacy of ALXN2220, with patients 
receiving infusions every 4 weeks for 4 months, followed by 
an open-label extension. The results were encouraging, as 
demonstrated a favourable safety drug profile with no 
serious treatment-related adverse events. Moreover, 
imaging studies, including bone scintigraphy and CMR, 
revealed a reduction in amyloid burden, as indicated by 
decreased radiotracer uptake and lower extracellular 
volume. Additionally, there were significant improvements 
in key biomarkers such as NT-proBNP and troponin T, 
suggesting that the antibody not only facilitates amyloid 
clearance but also positively impacts cardiac function.101

The phase III trial DepleTTR-CM is currently investigating 
whether ALXN2220 reduces the total occurrence of 
all-cause mortality and total cardiovascular events after 48 
months of therapy, along with changes in quality of life 
(evaluated through KCCQ-OS and 6MWD).102 Another 
noteworthy candidate treatment is coramitug (formerly 
PRX004), a monoclonal antibody designed specifically for 
ATTR amyloidosis. Coramitug was evaluated in a phase I 
trial, where patients received escalating doses to assess 
the drug’s safety and effectiveness.103 Although the trial 
was cut short due to the COVID-19 pandemic, the initial 
findings were positive.104 Among the seven patients with 
available data, coramitug improved GLS and did not lead to 
any serious treatment-related adverse events.105

Coramitug is currently under evaluation in a phase II 
trial.106 NI301A, another monoclonal antibody under 
development, targets a specific linear epitope on misfolded 
TTR proteins and ATTR deposits.107 This epitope, known as 
WEPFA, is exposed only on misfolded TTR, making NI301A 
highly specific for amyloid aggregates.107 NI301A is 
currently being evaluated in a phase I clinical trial in 
patients with ATTR-related cardiomyopathy, focusing on 
both safety and efficacy.108 Preclinical research has also 
introduced Ab-A, a human IgG1 monoclonal antibody with 
high affinity for aggregated TTR. Ab-A has demonstrated 
the ability to significantly reduce ATTR aggregates through 
antibody-dependent phagocytosis in murine models of 
ATTRwt amyloidosis. Additionally, it has shown similar 
amyloid-clearing effects in human heart tissue samples 
from patients with ATTRwt.109

Conclusions

Recent advances in the diagnosis and treatment of CA have 
significantly improved patient outcomes, offering new 
hope in managing this once-challenging disease. Diagnostic 
innovations, particularly the development of advanced 
imaging modalities like PET with radiotracers targeting 
amyloid deposits and the application of AI, might prompt 
an early and non-invasive identification of both AL and 
ATTR subtypes of amyloidosis. This early detection is 
critical for guiding timely and appropriate therapy, which 
can slow disease progression and improve survival. 
Moreover, emerging therapies for both AL and ATTR 
amyloidosis, ranging from monoclonal antibodies to gene 
silencing and gene editing technologies, represent a 
paradigm shift in treatment strategies. These therapies 
not only target the underlying causes of amyloid deposition 
but also show promise in reversing existing organ damage.

Besides disease-modifying therapies, for decades, it has 
been advocated that traditional neurohormonal 
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antagonism therapies for heart failure should be 
discontinued or avoided in CA due to presumed intolerance 
and lack of efficacy.2 However, recent studies have shown 
that these treatments are not only tolerated by most CA 
patients110 but also have a pathophysiological rationale for 
their use,111 as well as clear prognostic benefits,112 at least 
in subsets of CA patients.113 Furthermore, observational 
studies indicate that sodium-glucose cotransporter-2 
inhibitors, now a standard of care for heart failure patients 
across the entire ejection fraction spectrum, may also 
offer prognostic benefits in CA patients, despite their 
exclusion from trials in heart failure.114

Ongoing research and clinical trials will be crucial in 
refining the best therapeutic approaches for CA, 
integrating both disease-modifying therapies and heart 
failure treatments. Ultimately, improving the prognosis 
for individuals affected by this life-threatening condition.

Funding

No funding.

Conflict of interest: none declared.

Data availability

No new data were generated or analysed in support of this 
research.

References

1. Vergaro G, Aimo A, Barison A, Genovesi D, Buda G, Passino C et al. Keys 
to early diagnosis of cardiac amyloidosis: red flags from clinical, 
laboratory and imaging findings. Eur J Prev Cardiol 2020;27:1806–1815.

2. Garcia-Pavia P, Rapezzi C, Adler Y, Arad M, Basso C, Brucato A et al. 
Diagnosis and treatment of cardiac amyloidosis: a position statement 
of the ESC Working Group on Myocardial and Pericardial Diseases. 
Eur Heart J 2021;42:1554–1568.

3. Rapezzi C, Quarta CC, Guidalotti PL, Longhi S, Pettinato C, Leone O 
et al. Usefulness and limitations of 99mTc-3,3-diphosphono- 
1,2-propanodicarboxylic acid scintigraphy in the aetiological 
diagnosis of amyloidotic cardiomyopathy. Eur J Nucl Med Mol 
Imaging 2011;38:470–478.

4. Perugini E, Guidalotti PL, Salvi F, Cooke RMT, Pettinato C, Riva L et al. 
Noninvasive etiologic diagnosis of cardiac amyloidosis using 
99mTc-3,3-diphosphono-1,2-propanodicarboxylic acid scintigraphy. 
J Am Coll Cardiol 2005;46:1076–1084.

5. Dispenzieri A, Kyle R, Merlini G, Miguel JS, Ludwig H, Hajek R et al. 
International Myeloma Working Group guidelines for serum-free 
light chain analysis in multiple myeloma and related disorders. 
Leukemia 2009;23:215–224.

6. Camerini L, Aimo A, Pucci A, Castiglione V, Musetti V, Masotti S et al. 
Serum and tissue light-chains as disease biomarkers and targets for 
treatment in AL amyloidosis. Vessel Plus 2022;6:59.

7. Yilmaz A, Bauersachs J, Bengel F, Büchel R, Kindermann I, Klingel K 
et al. Diagnosis and treatment of cardiac amyloidosis: position 
statement of the German Cardiac Society (DGK). Clin Res Cardiol 
2021;110:479–506.

8. Kittleson MM, Maurer MS, Ambardekar AV, Bullock-Palmer RP, Chang 
PP, Eisen HJ et al. Cardiac amyloidosis: evolving diagnosis and 
management: a scientific statement from the American Heart 
Association. Circulation 2020;142:e7–e22.

9. Kitaoka H, Izumi C, Izumiya Y, Inomata T, Ueda M, Kubo T et al. JCS 
2020 guideline on diagnosis and treatment of cardiac amyloidosis. 
Circ J 2020;84:1610–1671.

10. Kittleson MM, Maurer MS, Ambardekar AV, Bullock-Palmer RP, Chang 
PP, Eisen HJ et al. American Heart Association Heart Failure and 

Transplantation Committee of the Council on Clinical Cardiology. 
Cardiac amyloidosis: evolving diagnosis and management: a scientific 
statement from the American Heart Association. Circulation 2021; 
142:e7-e22.

11. O’Meara E, McDonald M, Chan M, Ducharme A, Ezekowitz JA, 
Giannetti N et al. CCS/CHFS heart failure guidelines: clinical trial 
update on functional mitral regurgitation, SGLT2 inhibitors, ARNI in 
HFpEF, and tafamidis in amyloidosis. Can J Cardiol 2020;36:159–169.

12. Dispenzieri A, Gertz MA, Kumar SK, Lacy MQ, Kyle RA, Saenger AK 
et al. High sensitivity cardiac troponin T in patients with 
immunoglobulin light chain amyloidosis. Heart 2014;100:383–388.

13. Vergaro G, Castiglione V, Aimo A, Prontera C, Masotti S, Musetti V 
et al. N-terminal pro-B-type natriuretic peptide and high-sensitivity 
troponin T hold diagnostic value in cardiac amyloidosis. Eur J Heart 
Fail 2023;25:335–346.

14. Boldrini M, Cappelli F, Chacko L, Restrepo-Cordoba MA, Lopez-Sainz 
A, Giannoni A et al. Multiparametric echocardiography scores for 
the diagnosis of cardiac amyloidosis. JACC Cardiovasc Imaging 
2020;13:909–920.

15. Aimo A, Chubuchny V, Vergaro G, Barison A, Nicol M, Cohen-Solal A 
et al. A simple echocardiographic score to rule out cardiac 
amyloidosis. Eur J Clin Invest 2021;51:e13449.

16. Tomasoni D, Aimo A, Merlo M, Nardi M, Adamo M, Bellicini MG et al. 
Value of the HFA-PEFF and H2FPEF scores in patients with heart 
failure and preserved ejection fraction caused by cardiac 
amyloidosis. Eur J Heart Fail 2022;24:2374–2386.

17. Davies DR, Redfield MM, Scott CG, Minamisawa M, Grogan M, 
Dispenzieri A et al. A simple score to identify increased risk of 
transthyretin amyloid cardiomyopathy in heart failure with 
preserved ejection fraction. JAMA Cardiol 2022;7:1036–1044.

18. Bonfioli GB, Tomasoni D, Vergaro G, Castiglione V, Adamo M, Fabiani I 
et al. The Mayo ATTR-CM score versus other diagnostic scores and 
cardiac biomarkers in patients with suspected cardiac amyloidosis. 
Eur J Heart Fail;doi:10.1002/ejhf.3455. Published online ahead of 
print 9 September 2024.

19. Aimo A, Fabiani I, Giannoni A, Mandoli GE, Pastore MC, Vergaro G 
et al. Multi-chamber speckle tracking imaging and diagnostic value 
of left atrial strain in cardiac amyloidosis. Eur Heart J Cardiovasc 
Imaging 2022;24:130–141.

20. Quarta CC, Solomon SD, Uraizee I, Kruger J, Longhi S, Ferlito M et al. 
Left ventricular structure and function in transthyretin-related 
versus light-chain cardiac amyloidosis. Circulation 2014;129: 
1840–1849.

21. Binder C, Duca F, Stelzer PD, Nitsche C, Rettl R, Aschauer S et al. 
Mechanisms of heart failure in transthyretin vs. light chain 
amyloidosis. Eur Heart J Cardiovasc Imaging 2019;20:512–524.

22. Geenty P, Sivapathan S, Stefani LD, Boyd A, Richards D, Kwok F et al. 
Left ventricular mass-to-strain ratio predicts cardiac amyloid 
subtype. JACC Cardiovasc Imaging 2021;14:690–692.

23. Aimo A, Castiglione V, Barison A, Chubuchnyi V, Emdin M. The left 
ventricular mass-to-strain ratio: enough to differentiate ATTR 
from AL cardiac amyloidosis? JACC Cardiovasc Imaging 2021;14: 
1877–1878.

24. Gillmore JD, Maurer MS, Falk RH, Merlini G, Damy T, Dispenzieri A 
et al. Nonbiopsy diagnosis of cardiac transthyretin amyloidosis. 
Circulation 2016;133:2404–2412.

25. Eckstein J, Körperich H, Weise Valdés E, Sciacca V, Paluszkiewicz L, 
Burchert W et al. CMR-based right ventricular strain analysis in 
cardiac amyloidosis and its potential as a supportive diagnostic 
feature. Int J Cardiol Heart Vasc 2023;44:101167.

26. Khalique Z, Ferreira PF, Scott AD, Nielles-Vallespin S, 
Martinez-Naharro A, Fontana M et al. Diffusion tensor cardiovascular 
magnetic resonance in cardiac amyloidosis. Circ Cardiovasc Imaging 
2020;13:e009901.

27. Cappelli F, Gallini C, Di Mario C, Costanzo EN, Vaggelli L, Tutino F et al. 
Accuracy of 99mTc-hydroxymethylene diphosphonate scintigraphy for 
diagnosis of transthyretin cardiac amyloidosis. J Nucl Cardiol 2019; 
26:497–504.

28. Gallegos C, Miller EJ. Advances in PET-based cardiac amyloid 
radiotracers. Curr Cardiol Rep 2020;22:40.

29. Singh V, Dorbala S. Positron emission tomography for cardiac 
amyloidosis: timing matters!. J Nucl Cardiol 2022;29:790–797.

30. Rosengren S, Skibsted Clemmensen T, Tolbod L, Granstam S-O, 
Eiskjær H, Wikström G et al. Diagnostic accuracy of [11C]PIB 

Cardiac amyloidosis: innovations in diagnosis and treatment                                                                                                                    i95

https://doi.org/10.1002/ejhf.3455


positron emission tomography for detection of cardiac amyloidosis. 
JACC Cardiovasc Imaging 2020;13:1337–1347.

31. Serdons K, Van Laere K, Janssen P, Kung HF, Bormans G, VerbruggenA. 
Synthesis and evaluation of three 18F-labeled 
aminophenylbenzothiazoles as amyloid imaging agents. J Med 
Chem 2009;52:7090–7102.

32. Heurling K, Leuzy A, Zimmer ER, Lubberink M, Nordberg A. Imaging 
β-amyloid using [18F]flutemetamol positron emission tomography: 
from dosimetry to clinical diagnosis. Eur J Nucl Med Mol Imaging 
2016;43:362–373.

33. Abrahamson EE, Padera RF, Davies J, Farrar G, Villemagne VL, 
Dorbala S et al. The flutemetamol analogue cyano-flutemetamol 
detects myocardial AL and ATTR amyloid deposits: a post-mortem 
histofluorescence analysis. Amyloid 2023;30:169–187.

34. https://www.clinicaltrials.gov/study/NCT05374564.
35. Yang L, Rieves D, Ganley C. Brain amyloid imaging—FDA approval of 

florbetapir F18 injection. N Engl J Med 2012;367:885–887.
36. Auvity S, Tonietto M, Caillé F, Bodini B, Bottlaender M, Tournier N et al. 

Repurposing radiotracers for myelin imaging: a study comparing 
18F-florbetaben, 18F-florbetapir, 18F-flutemetamol, 11C-MeDAS, and 
11C-PiB. Eur J Nucl Med Mol Imaging 2020;47:490–501.

37. Park M-A, Padera RF, Belanger A, Dubey S, Hwang DH, Veeranna V 
et al. 18F-Florbetapir binds specifically to myocardial light chain 
and transthyretin amyloid deposits: autoradiography study. Circ 
Cardiovasc Imaging 2015;8:e002954.

38. Dorbala S, Vangala D, Semer J, Strader C, Bruyere JR, Carli D et al. 
Imaging cardiac amyloidosis: a pilot study using 18F-florbetapir 
positron emission tomography. Eur J Nucl Med Mol Imaging 2014; 
41:1652–1662.

39. Clerc OF, Datar Y, Cuddy SAM, Bianchi G, Taylor A, Benz DC et al. 
Prognostic value of left ventricular 18F-florbetapir uptake in 
systemic light-chain amyloidosis. JACC Cardiovasc Imaging 2024; 
17:911–922.

40. Datar Y, Clerc OF, Cuddy SAM, Kim S, Taylor A, Neri JC et al. 
Quantification of right ventricular amyloid burden with 18F-florbetapir 
positron emission tomography/computed tomography and its 
association with right ventricular dysfunction and outcomes in 
light-chain amyloidosis. Eur Heart J Cardiovasc Imaging 2024;25: 
687–697.

41. Genovesi D, Vergaro G, Giorgetti A, Marzullo P, Scipioni M, Santarelli 
MF et al. [18F]-Florbetaben PET/CT for differential diagnosis among 
cardiac immunoglobulin light chain, transthyretin amyloidosis, and 
mimicking conditions. JACC Cardiovasc Imaging 2021;14:246–255.

42. https://www.clinicaltrials.gov/study/NCT06048601.
43. https://www.clinicaltrials.gov/study/NCT05184088.
44. Morgenstern R, Yeh R, Castano A, Maurer MS, Bokhari S. 18Fluorine 

sodium fluoride positron emission tomography, a potential 
biomarker of transthyretin cardiac amyloidosis. J Nucl Cardiol 
2018;25:1559–1567.

45. Zhang LX, Martineau P, Finnerty V, Giraldeau G, Parent M-C, Harel F 
et al. Comparison of 18F-sodium fluoride positron emission 
tomography imaging and 99mTc-pyrophosphate in cardiac amyloidosis. 
J Nucl Cardiol 2022;29:1132–1140.

46. Clerc OF, Cuddy SAM, Robertson M, Vijayakumar S, Neri JC, Chemburkar 
V et al. Cardiac amyloid quantification using 124I-evuzamitide (124I-P5 
+14) versus 18F-florbetapir. JACC Cardiovasc Imaging 2023;16: 
1419–1432.

47. Grogan M, Lopez-Jimenez F, Cohen-Shelly M, Dispenzieri A, Attia ZI, 
Abou Ezzedine OF et al. Artificial intelligence-enhanced 
electrocardiogram for the early detection of cardiac amyloidosis. 
Mayo Clin Proc 2021;96:2768–2778.

48. Zhang J, Gajjala S, Agrawal P, Tison GH, Hallock LA, Beussink-Nelson 
L et al. Fully automated echocardiogram interpretation in clinical 
practice: feasibility and diagnostic accuracy. Circulation 2018;138: 
1623–1635.

49. Antonopoulos AS, Boutsikou M, Simantiris S, Angelopoulos A, Lazaros G, 
Panagiotopoulos I et al. Machine learning of native T1 mapping radiomics 
for classification of hypertrophic cardiomyopathy phenotypes. Sci Rep 
2021;11:23596.

50. Bargagna F, Zigrino D, De Santi LA, Genovesi D, Scipioni M, Favilli B 
et al. Automated neural architecture search for cardiac amyloidosis 
classification from [18F]-florbetaben PET images. J Imaging Inform 
Med;doi:10.1007/s10278-024-01275-8. Published online ahead of 
print 2 October 2024.

51. Gertz MA, Comenzo R, Falk RH, Fermand JP, Hazenberg BP, Hawkins PN 
et al. Definition of organ involvement and treatment response in 
immunoglobulin light chain amyloidosis (AL): a consensus opinion from 
the 10th International Symposium on Amyloid and Amyloidosis. Am J 
Hematol 2005;79:319–328.

52. Palladini G, Dispenzieri A, Gertz MA, Kumar S, Wechalekar A, Hawkins 
PN et al. New criteria for response to treatment in immunoglobulin 
light chain amyloidosis based on free light chain measurement and 
cardiac biomarkers: impact on survival outcomes. J Clin Oncol 
2012;30:4541–4549.

53. Milani P, Basset M, Russo F, Foli A, Merlini G, Palladini G. Patients with 
light-chain amyloidosis and low free light-chain burden have distinct 
clinical features and outcome. Blood 2017;130:625–631.

54. Palladini G, Barassi A, Klersy C, Pacciolla R, Milani P, Sarais G et al. 
The combination of high-sensitivity cardiac troponin T (hs-cTnT) at 
presentation and changes in N-terminal natriuretic peptide type B 
(NT-proBNP) after chemotherapy best predicts survival in AL 
amyloidosis. Blood 2010;116:3426–3430.

55. Palladini G, Hegenbart U, Milani P, Kimmich C, Foli A, Ho AD et al. A 
staging system for renal outcome and early markers of renal response 
to chemotherapy in AL amyloidosis. Blood 2014;124:2325–2332.

56. Havasi A, Stern L, Lo S, Sun F, Sanchorawala V. Validation of new renal 
staging system in AL amyloidosis treated with high dose melphalan 
and stem cell transplantation. Am J Hematol 2016;91:E458–E460.

57. Palladini G, Milani P, Merlini G. Management of AL amyloidosis in 
2020. Blood 2020;136:2620–2627.

58. Sidana S, Sidiqi MH, Dispenzieri A, Buadi FK, Lacy MQ, Muchtar E et al. 
Fifteen year overall survival rates after autologous stem cell 
transplantation for AL amyloidosis. Am J Hematol 2019;94:1020–1026.

59. Gertz MA, Lacy MQ, Dispenzieri A, Kumar SK, Dingli D, Leung N et al. 
Refinement in patient selection to reduce treatment-related 
mortality from autologous stem cell transplantation in amyloidosis. 
Bone Marrow Transplant 2013;48:557–561.

60. Sanchorawala V, Boccadoro M, Gertz M, Hegenbart U, Kastritis E, 
Landau H et al. Guidelines for high dose chemotherapy and stem 
cell transplantation for systemic AL amyloidosis: EHA-ISA working 
group guidelines. Amyloid 2022;29:1–7.

61. Wechalekar AD, Cibeira MT, Gibbs SD, Jaccard A, Kumar S, Merlini G 
et al. Guidelines for non-transplant chemotherapy for treatment of 
systemic AL amyloidosis: EHA-ISA working group. Amyloid 2023;30:3–17.

62. Palladini G. Association of melphalan and high-dose dexamethasone 
is effective and well tolerated in patients with AL (primary) 
amyloidosis who are ineligible for stem cell transplantation. Blood 
2004;103:2936–2938.

63. Bianchi G, Zhang Y, Comenzo RL. AL amyloidosis: current chemotherapy 
and immune therapy treatment strategies. JACC CardioOncol 2021;3: 
467–487.

64. Kittleson MM, Ruberg FL, Ambardekar AV, Brannagan TH, Cheng RK, 
Clarke JO et al. 2023 ACC expert consensus decision pathway on 
comprehensive multidisciplinary care for the patient with cardiac 
amyloidosis. J Am Coll Cardiol 2023;81:1076–1126.

65. Cook J, Muchtar E, Warsame R. Updates in the diagnosis and 
management of AL amyloidosis. Curr Hematol Malig Rep 2020;15: 
155–167.

66. Emdin M, Morfino P, Crosta L, Aimo A, Vergaro G, Castiglione V. 
Monoclonal antibodies and amyloid removal as a therapeutic 
strategy for cardiac amyloidosis. Eur Heart J Suppl 2023;25:B79–B84.

67. Nuvolone M, Nevone A, Merlini G. Targeting amyloid fibrils by passive 
immunotherapy in systemic amyloidosis. BioDrugs 2022;36:591–608.

68. Kastritis E, Palladini G, Minnema MC, Wechalekar AD, Jaccard A, Lee HC 
et al. Daratumumab-based treatment for immunoglobulin light-chain 
amyloidosis. N Engl J Med 2021;385:46–58.

69. Palladini G, Kastritis E, Maurer MS, Zonder J, Minnema MC, Wechalekar 
AD et al. Daratumumab plus CyBorD for patients with newly diagnosed 
AL amyloidosis: safety run-in results of ANDROMEDA. Blood 2020;136: 
71–80.

70. Parker TL, Rosenthal A, Sanchorawala V, Landau HJ, Campagnaro E, 
Kapoor P et al. A phase II study of isatuximab (SAR650984) 
(NSC-795145) for patients with previously treated AL amyloidosis 
(SWOG S1702; NCT#03499808). Blood 2020;136:20–21.

71. Zhang Y, Comenzo RL. Immunotherapy in AL amyloidosis. Curr Treat 
Options Oncol 2022;23:1059–1071.

i96                                                                                                                                                                                     V. Castiglione et al.

https://www.clinicaltrials.gov/study/NCT05374564
https://www.clinicaltrials.gov/study/NCT06048601
https://www.clinicaltrials.gov/study/NCT05184088
https://doi.org/10.1007/s10278-024-01275-8


72. Popkova T, Hajek R, Jelinek T. Monoclonal antibodies in the treatment 
of AL amyloidosis: co-targetting the plasma cell clone and amyloid 
deposits. Br J Haematol 2020;189:228–238.

73. Iqbal SM, Stecklein K, Sarow J, Krabak M, Hillengass J, McCarthy P. 
Elotuzumab in combination with lenalidomide and dexamethasone for 
treatment-resistant immunoglobulin light chain amyloidosis with 
multiple myeloma. Clin Lymphoma Myeloma Leuk 2019;19:e33–e36.

74. Renz M, Torres R, Dolan PJ, Tam SJ, Tapia JR, Li L et al. 2A4 binds soluble 
and insoluble light chain aggregates from AL amyloidosis patients and 
promotes clearance of amyloid deposits by phagocytosis. Amyloid 
2016;23:168–177.

75. Gertz MA, Landau H, Comenzo RL, Seldin D, Weiss B, Zonder J et al. 
First-in-human phase I/II study of NEOD001 in patients with light chain 
amyloidosis and persistent organ dysfunction. J Clin Oncol 2016;34: 
1097–1103.

76. Gertz MA, Cohen AD, Comenzo RL, Du Mond C, Kastritis E, Landau HJ 
et al. Results of the phase 3 VITAL study of NEOD001 (birtamimab) plus 
standard of care in patients with light chain (AL) amyloidosis suggest 
survival benefit for Mayo stage IV patients. Blood 2019;134:3166.

77. Gertz MA, Cohen AD, Comenzo RL, Kastritis E, Landau HJ, Libby EN et al. 
Birtamimab plus standard of care in light-chain amyloidosis: the phase 3 
randomized placebo-controlled VITAL trial. Blood 2023;142:1208–1218.

78. Gertz MA, Sanchorawala V, Wechalekar AD, Ando Y, Koh Y, Nie C et al. 
Birtamimab in patients with Mayo stage IV AL amyloidosis: rationale 
for confirmatory affirm-AL phase 3 study. J Clin Oncol 2022;40: 
TPS8076.

79. Del Giudice ML, Galimberti S, Buda G. Novel monoclonal antibodies: a 
really specific therapy for light chain amyloidosis. Hematol Oncol 
2024;42:e3270.

80. Edwards CV, Rao N, Bhutani D, Mapara M, Radhakrishnan J, Shames S 
et al. Phase 1a/b study of monoclonal antibody CAEL-101 (11-1F4) in 
patients with AL amyloidosis. Blood 2021;138:2632–2641.

81. Valent J, Silowsky J, Kurman MR, Daniel E, Jobes J, Harnett M et al. 
Cael-101 is well-tolerated in AL amyloidosis patients receiving 
concomitant cyclophosphamide-bortezomib-dexamethasone (CyborD): 
a phase 2 dose-finding study (NCT04304144). Blood 2020;136:26–27.

82. https://www.clinicaltrials.gov/study/NCT04512235.
83. https://www.clinicaltrials.gov/study/NCT04504825.
84. Ericzon B-G, Wilczek HE, Larsson M, Wijayatunga P, Stangou A, 

PenaJR et al. Liver transplantation for hereditary transthyretin 
amyloidosis: after 20 years still the best therapeutic alternative? 
Transplantation 2015;99:1847–1854.

85. Liepnieks JJ, Benson MD. Progression of cardiac amyloid deposition in 
hereditary transthyretin amyloidosis patients after liver 
transplantation. Amyloid 2007;14:277–282.

86. Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, 
Waddington-Cruz M et al. Tafamidis treatment for patients with 
transthyretin amyloid cardiomyopathy. N Engl J Med 2018;379: 
1007–1016.

87. Damy T, Garcia-Pavia P, Hanna M, Judge DP, Merlini G, Gundapaneni 
B et al. Efficacy and safety of tafamidis doses in the tafamidis in 
transthyretin cardiomyopathy clinical trial (ATTR-ACT) and 
long-term extension study. Eur J Heart Fail 2021;23:277–285.

88. Rapezzi C, Kristen AV, Gundapaneni B, Sultan MB, Hanna M. Benefits 
of tafamidis in patients with advanced transthyretin amyloid 
cardiomyopathy. Eur Heart J 2020;41:ehaa946.2115.

89. Judge DP, Heitner SB, Falk RH, Maurer MS, Shah SJ, Witteles RM et al. 
Transthyretin stabilization by AG10 in symptomatic transthyretin 
amyloid cardiomyopathy. J Am Coll Cardiol 2019;74:285–295.

90. Fox JC, Hellawell JL, Rao S, O’Reilly T, Lumpkin R, Jernelius J et al. 
First-in-human study of AG10, a novel, oral, specific, selective, and 
potent transthyretin stabilizer for the treatment of transthyretin 
amyloidosis: a phase 1 safety, tolerability, pharmacokinetic, and 

pharmacodynamic study in healthy adult volunteers. Clin Pharmacol 
Drug Dev 2020;9:115–129.

91. Gillmore JD, Judge DP, Cappelli F, Fontana M, Garcia-Pavia P, Gibbs S 
et al. Efficacy and safety of acoramidis in transthyretin amyloid 
cardiomyopathy. N Engl J Med 2024;390:132–142.

92. Adams D, Gonzalez-Duarte A, O’Riordan WD, Yang C-C, Ueda M, 
Kristen AV et al. Patisiran, an RNAi therapeutic, for hereditary 
transthyretin amyloidosis. N Engl J Med 2018;379:11–21.

93. http://www.clinicaltrials.gov/study/NCT03759379.
94. http://www.clinicaltrials.gov/study/NCT04153149.
95. Fontana M, Berk JL, Gillmore JD, Witteles RM, Grogan M, Drachman B 

et al. Vutrisiran in patients with transthyretin amyloidosis with 
cardiomyopathy. N Engl J Med 2024.

96. Benson MD, Waddington-Cruz M, Berk JL, Polydefkis M, Dyck PJ, Wang AK 
et al. Inotersen treatment for patients with hereditary transthyretin 
amyloidosis. N Engl J Med 2018;379:22–31.

97. Viney NJ, Guo S, Tai L, Baker BF, Aghajan M, Jung SW et al. Ligand 
conjugated antisense oligonucleotide for the treatment of 
transthyretin amyloidosis: preclinical and phase 1 data. ESC Heart Fail 
2021;8:652–661.

98. http://www.clinicaltrials.gov/study/NCT04136171.
99. Gillmore JD, Gane E, Taubel J, Kao J, Fontana M, Maitland ML et al. 

CRISPR-Cas9 in vivo gene editing for transthyretin amyloidosis. 
N Engl J Med 2021;385:493–502.

100. https://www.clinicaltrials.gov/study/NCT06128629.
101. Garcia-Pavia P, Aus Dem Siepen F, Donal E, Lairez O, Van Der Meer P, 

Kristen AV et al. Phase 1 trial of antibody NI006 for depletion of 
cardiac transthyretin amyloid. N Engl J Med 2023;389:239–250.

102. https://www.clinicaltrials.gov/study/NCT06183931.
103. Aimo A, Castiglione V, Rapezzi C, Franzini M, Panichella G, Vergaro G 

et al. RNA-targeting and gene editing therapies for transthyretin 
amyloidosis. Nat Rev Cardiol 2022;19:655–667.

104. Capustin M, Frishman WH. Transthyretin cardiac amyloidosis and 
novel therapies to treat this not-so-rare cause of cardiomyopathy. 
Cardiol Rev 2021;29:263–273.

105. http://www.clinicaltrials.gov/study/NCT03336580.
106. Novo Nordisk A. Efficacy and safety of NNC6019-0001 at two dose 

levels in participants with transthyretin amyloid cardiomyopathy 
(ATTR CM).

107. Michalon A, Hagenbuch A, Huy C, Varela E, Combaluzier B, Damy T et al. 
A human antibody selective for transthyretin amyloid removes cardiac 
amyloid through phagocytic immune cells. Nat Commun 2021;12:3142.

108. https://clinicaltrials.gov/study/NCT04360434.
109. George J, Rappaport M, Shimoni S, Goland S, Voldarsky I, Fabricant Y 

et al. A novel monoclonal antibody targeting aggregated transthyretin 
facilitates its removal and functional recovery in an experimental 
model. Eur Heart J 2020;41:1260–1270.

110. Aimo A, Vergaro G, Castiglione V, Rapezzi C, Emdin M. Safety and 
tolerability of neurohormonal antagonism in cardiac amyloidosis. 
Eur J Intern Med 2020;80:66–72.

111. Vergaro G, Aimo A, Campora A, Castiglione V, Prontera C, Masotti S et al. 
Patients with cardiac amyloidosis have a greater neurohormonal 
activation than those with non-amyloidotic heart failure. Amyloid 
2021;28:252–258.

112. Ioannou A, Massa P, Patel RK, Razvi Y, Porcari A, Rauf MU et al. 
Conventional heart failure therapy in cardiac ATTR amyloidosis. Eur 
Heart J 2023;44:2893–2907.

113. Emdin M, Aimo A, Vergaro G, Castiglione V. Beta-blocking patients 
with cardiac amyloidosis: adelante cum juicio. Int J Cardiol 2024; 
407:132039.

114. Porcari A, Cappelli F, Nitsche C, Tomasoni D, Sinigiani G, Longhi S et al. 
SGLT2 inhibitor therapy in patients with transthyretin amyloid 
cardiomyopathy. J Am Coll Cardiol 2024;83:2411–2422.

Cardiac amyloidosis: innovations in diagnosis and treatment                                                                                                                    i97

https://www.clinicaltrials.gov/study/NCT04512235
https://www.clinicaltrials.gov/study/NCT04504825
http://www.clinicaltrials.gov/study/NCT03759379
http://www.clinicaltrials.gov/study/NCT04153149
http://www.clinicaltrials.gov/study/NCT04136171
https://www.clinicaltrials.gov/study/NCT06128629
https://www.clinicaltrials.gov/study/NCT06183931
http://www.clinicaltrials.gov/study/NCT03336580
https://clinicaltrials.gov/study/NCT04360434

	Cardiac amyloidosis: Innovations in diagnosis and treatment
	Diagnosis of CA
	Current diagnostic algorithm
	Biomarkers, echocardiography, and CMR: new applications of old diagnostic tools
	PET: a novel tool for etiological diagnosis
	AI: is there a role for CA diagnosis?

	Treatment of CA
	Treatment of amyloid light-chain amyloidosis: from standard chemotherapy to monoclonal antibodies and anti-fibril therapies
	Treatment of ATTR amyloidosis: from stabilizers to gene editing

	Conclusions
	References




