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ABSTRACT
Transthyretin amyloid cardiomyopathy (ATTR-CM) has long been considered a rare and inexorably fatal 
condition. However, advances in noninvasive diagnosis, disease awareness, and available treatments 
have enabled diagnosis in asymptomatic stages, before development of clinical heart failure (HF). The 
emerging entity of asymptomatic ATTR-CM presents both challenges and new opportunities for 
improving patient care. Data remain limited, as asymptomatic patients have been excluded from clinical 
trials, and their management currently relies on empirical judgment. Understanding the natural history 
of asymptomatic ATTR-CM is essential for guiding individualized clinical decisions at the patient level 
and for designing future clinical trials in this population. While these patients do not exhibit overt HF, 
recent evidence suggests that a subset may experience disease progression and develop significant 
morbidity and mortality within a relatively short time. This review explores the rapidly evolving land
scape of asymptomatic ATTR-CM with regard to diagnostic pathways, phenotypic variability, natural 
history, and prognostic stratification. It also discusses current barriers encountered in clinical practice 
for timely diagnosis, the clinical role of imaging and biomarkers, and potential indications for early 
therapeutic interventions in this under-recognized population, which is projected to exponentially 
increase in the coming years.

PLAIN LANGUAGE SUMMARY
Transthyretin amyloid cardiomyopathy (ATTR-CM) is a heart disease caused by the buildup of an 
abnormal protein called transthyretin (TTR) in the heart muscle. This buildup makes the heart stiffer 
and less able to pump blood properly. In the past, most people were diagnosed only when the disease 
was advanced and they already had symptoms of heart failure, such as shortness of breath or swelling 
in the legs. Nowadays, thanks to better awareness and advances in cardiovascular imaging, ATTR-CM 
can be diagnosed earlier, even before symptoms appear. Some people with early signs of the disease 
may still face worsening of their cardiovascular condition over time. This raises important questions 
about how best to monitor these patients and when to begin treatment. Starting therapy early could 
help delay or even prevent heart failure and improve long-term outcomes
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1. Introduction

Transthyretin (TTR) amyloidosis, also called ATTR amyloidosis, is 
a life-threatening and often underrecognized disease caused by 
progressive deposition of misfolded or cleaved TTR protein in 
various organs [1]. The more common non-hereditary form, wild- 
type ATTR (ATTRwt), arises from age-related impairment of 
homeostatic mechanisms, whereas the hereditary form, variant 
ATTR (ATTRv), results from destabilizing mutations in the TTR 
gene and may present in younger individuals [2]. Amyloid fibril 
aggregation within the extracellular matrix disrupts tissue struc
ture, integrity, and function, ultimately leading to organ dysfunc
tion [3]. In clinical practice, ATTRwt amyloidosis typically 
manifests as transthyretin amyloid cardiomyopathy (ATTR-CM), 
while ATTRv amyloidosis is most often associated with poly
neuropathy (ATTR-PN) and may also involve the heart [1].

Over the past decade, ATTR-CM has evolved from a rare, 
progressive, and fatal cardiomyopathy to a relatively prevalent 
disease with effective therapies capable of slowing or poten
tially halting disease progression [4,5]. The landscape of ATTR- 
CM has rapidly evolved following three landmark innovations: 
the development of a noninvasive algorithm for diagnosing 
ATTR-CM, the availability of disease-modifying drugs, and 
renewed disease awareness coupled with the identification 
of early clinical markers of disease [6]. These advances have 
led to an increasing proportion of patients diagnosed with 
ATTR-CM in an asymptomatic stage, with no history of HF or 
clinical signs of fluid overload [1,4]. However, these patients 
have been excluded from all clinical trials of disease-modifying 
treatment and their diagnosis and management currently rely 
solely on clinical judgment and empirical practice [7,8]. This 
emerging entity in clinical practice, which is projected to 
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exponentially increase in the coming years, poses significant 
challenges with regard to diagnosis, prognostic stratification, 
and clinical management.

This review will discuss latest evidence in asymptomatic 
ATTR and will explore the diagnostic challenges and opportu
nities in this newly opened horizon in ATTR amyloidosis.

2. The emerging group of asymptomatic ATTR-CM

The diagnosis of ATTR-CM has been traditionally confirmed via 
direct endomyocardial biopsy in patients with clinical suspi
cion of the disease [9]. Most patients had overt HF when they 
were diagnosed, with an estimated median overall survival 
around 3–5 years following diagnosis, with significant differ
ences in ATTRv amyloidosis according to the specific TTR 
variant [1,2,10]. In recent years, a noninvasive algorithm for 
confirmation of ATTR-CM has been validated combining repur
posed bone tracer scintigraphy along with assessment for 
monoclonal proteins in serum and urine [9]. Recognition of 
extracardiac “red flags” – such as bilateral carpal tunnel syn
drome (CTS), lumbar spinal stenosis, or biceps tendon rup
ture – has supported earlier suspicion and targeted screening. 
In particular, CTS is now recognized as the earliest clinical 
marker of future amyloidosis and can precede cardiac symp
toms by 5–10 years [11,12]. There has been an exponential 
increase in the number of patients diagnosed with ATTR-CM, 
including those identified in an asymptomatic stage [7,13–15]. 
A 20-year nationwide UK study demonstrated a substantial 
increase in diagnoses of ATTR-CM, especially the wild-type 
[16], with 60% of patients being diagnosed 2017–2021 with 
a National Amyloidosis Centre (NAC) ATTR stage I [16]. This 

shift toward earlier diagnosis has broadened our understand
ing of disease progression and has led to a higher number of 
patients being identified earlier in the disease process, with 
a shorter duration of symptoms being associated with better 
preserved cardiac structure and function [4,17]. With broader 
implementation of early diagnostic strategies (i.e., CTS) and 
extended TTR genotyping allowing for identification of carriers 
[11,12,18,19], the number of patients with asymptomatic ATTR 
cardiac amyloid infiltration is projected to increase exponen
tially in the coming years.

However, large-scale registries have traditionally focused 
on symptomatic patients [15,20], and the epidemiological 
figure of patients with asymptomatic ATTR-CM remains 
unclear.

The largest study to date [13], conducted across multiple 
European centers for amyloidosis, has reported a steady 
increase in the numbers of asymptomatic patients identified 
in clinical practice, ranging from 26 in 2008–2011, to 60 in 
2012–2015, 157 in 2016–2019, and 242 in 2020–2023 
(Figure 1). In clinical practice, most of these patients are 
currently identified when typical abnormalities are detected 
on cardiac imaging during follow-up for other cardiovascular 
conditions, when incidental myocardial tracer uptake is 
observed on bone scintigraphy, or when ATTR amyloid is 
found on extracardiac biopsy specimens obtained for unre
lated indications. Additional pathways include the identifica
tion of a pathogenic TTR variant through genetic testing 
performed because of a positive family history of hereditary 
amyloidosis or the presence of neurological symptoms sug
gestive of systemic involvement, often accompanied by histo
logical confirmation of ATTR amyloid or genetic evidence of 
a disease-causing TTR variant [7,13,14] (Figure 2). Bone scinti
graphy in these subgroups may detect the presence of an 
abnormal myocardial uptake, imaging amyloid deposition in 
their hearts and prompting further assessment [18,21–23].

A recent Italian survey on pathways leading to diagnosis of 
ATTRwt-CM has reported that approximately 50% of patients 
are now diagnosed through pathways not triggered by clinical 
HF [14]. Being diagnosed through an alternate pathway – such 

Article highlights

● Transthyretin amyloid cardiomyopathy (ATTR-CM) is increasingly 
diagnosed at an asymptomatic stage thanks to improved disease 
awareness, noninvasive diagnostic tools, and targeted screening.

● Asymptomatic ATTR-CM represents an emerging and clinically rele
vant population in clinical practice, not a benign condition for all 
patients.

● Diagnosis of asymptomatic ATTR cardiac amyloid infiltration often 
occurs incidentally through suggestive cardiac imaging, incidental 
myocardial uptake on bone scintigraphy, ATTR proof on extracardiac 
biopsy, or positive TTR genetic testing.

● Bone scintigraphy remains the cornerstone for identifying cardiac 
amyloid infiltration and estimating disease burden in asymptomatic 
patients, with promising roles for cardiac magnetic resonance and 
PET/CT with novel amyloid tracers.

● The Perugini grade is associated with the extent of myocardial 
infiltration and predicts disease progression and cardiovascular out
comes in asymptomatic patients with ATTR-CM.

● A subset of asymptomatic patients – particularly those with grade 
2–3 myocardial uptake – show meaningful cardiovascular morbidity 
and mortality within 3 years.

● Current wall thickness thresholds for raising suspicion of cardiac 
amyloidosis may underdiagnose disease in women, underscoring 
the need for sex-specific indexed criteria.

● Carpal tunnel syndrome is the earliest clinical marker of disease and 
a promising target for early screening strategies.

● Multimodality imaging, biomarkers, and AI-based tools may further 
refine early diagnosis and risk stratification.

● Identifying the optimal timing for therapeutic intervention in asymp
tomatic patients is crucial to improve long-term outcomes.

Figure 1. Increasing number of patients diagnosed with asymptomatic ATTR-CM 
over time in referral centers for amyloidosis.
Data from [13]. 
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as the hypertrophic cardiomyopathy (HCM) pathway, inciden
tal imaging findings (e.g., bone scintigraphy or cardiac mag
netic resonance), or incidental clinical signs (e.g., CTS) – was 
independently associated with a more favorable prognosis 
compared to diagnoses triggered by the HF pathway [14]. 
Dedicated studies from large international registries are 
required to understand the prevalence of asymptomatic ATTR- 
CM in real-world patients.

3. Phenotype of pre-symptomatic ATTR-CM

Two recent studies have characterized the heterogeneous 
phenotype of ATTR-CM patients without HF. They demon
strated that asymptomatic ATTR cardiac amyloid infiltration 
may present with highly variable disease burden, spanning 
from minimal amyloid deposition without measurable struc
tural or functional cardiac alterations to established cardio
myopathy characterized by typical HF symptoms, elevated 
cardiac biomarkers, and echocardiographic evidence of mor
phological remodeling and systolic dysfunction.

The first, conducted by Gonzalez-Lopez et al. [7] in 2022, 
retrospectively evaluated 118 patients with ATTR-CM (58% 
variant, 42% wild type), predominantly diagnosed by tissue 
biopsy, across 6 international centers for amyloidosis. All 
patients were in New York Heart Association (NYHA) class I, 
not receiving loop diuretic agents at initial evaluation and had 
a NT-proBNP <600 pg/mL (if data was available). Median age 
was 66 years and 80% were males. The median NT-proBNP was 
308.1 pg/mL and the mean estimated glomerular filtration rate 
was 84 ml/min/1.73 m2, with most patients being classified in 
NAC stage I or II. Median maximum left ventricular (LV) wall 
thickness was 15.5 mm, with preserved systolic function (mean 
LVEF of 61%) and impaired LV global longitudinal strain 

(−15.8%). Although all had no clinical HF, the spectrum of 
cardiac structural and functional changes ranged from struc
tural cardiomyopathy with increased wall thickness and 
reduced systolic function to near-normal or mildly increased 
wall thickness and normal systolic function.

Bone scintigraphy is currently a key imaging modality in 
the noninvasive diagnostic algorithm for ATTR-CM. Beyond its 
established diagnostic value [9,24], the degree of myocardial 
uptake of bone tracers has also been shown to provide a gross 
estimate of the presence and extent of cardiac amyloid infil
tration [25–28]. Therefore, bone scintigraphy is uniquely posi
tioned to distinguish between cardiac amyloid deposition and 
overt ATTR-CM.

Building on this concept, a larger study in 2025 led by the 
National Amyloidosis Centre (London, UK) across 12 interna
tional centers for amyloidosis investigated the clinical pheno
type of asymptomatic ATTR-CM from a different angle [13]. 
Similarly to the study by Gonzales et al., patients were classi
fied as asymptomatic in the absence of HF history, HF signs 
and symptoms, and diuretic therapy at diagnosis. Of note, 
diagnosis of ATTR cardiac amyloid infiltration was based on 
evidence of myocardial uptake on bone scintigraphy (grade 1, 
2, or 3) confirmed by single-photon emission computed tomo
graphy (SPECT)/CT imaging. In patients without biochemical 
evidence of a plasma cell dyscrasia (PCD), this finding was 
considered diagnostic, whereas in those with PCD, histological 
confirmation of ATTR amyloid was required [13]. The study 
included 485 asymptomatic patients (77% wild type, 23% 
hereditary), 86% males, with a mean age of 75 years, who 
were classified into two groups based on the Perugini grade: 
116 patients (23.9%) with grade 1 myocardial uptake and 369 
patients (76.1%) with grade 2 or 3 myocardial uptake. Despite 
similar age at diagnosis, patients with grade 1 myocardial 
uptake showed less abnormal cardiac structure and function, 

Figure 2. Common pathways for identification of asymptomatic patients with ATTR-CM in clinical practice.
Legend: ATTR, Transthyretin Amyloidosis; TTR, Transthyretin. 
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and had normal or only mildly elevated NT-proBNP concentra
tions compared to patients with grade 2 and 3 myocardial 
uptake who exhibited typical echocardiographic features of 
amyloid infiltration and significantly elevated serum NT- 
proBNP concentrations [13]. These findings show different 
disease stages within the spectrum of asymptomatic ATTR 
cardiac amyloid infiltration, and support the use of Perugini 
score to estimate cardiac amyloid load in pre-symptomatic 
patients.

4. Clinical use of ECG and cardiovascular imaging in 
asymptomatic ATTR-CM

Identification of electrocardiographic (ECG) and echocardio
graphic red-flags is essential to raise suspicion of cardiac 
amyloidosis, even in asymptomatic individuals. The ECG may 
reveal low voltage QRS complexes, pseudoinfarct pattern with 
Q waves, and poor R wave progression in the precordial or 
limb leads [1]. Typical echocardiographic red flags include 
diffuse increase in wall thickness with a ‘granular speckling’ 
appearance of the myocardium, small ventricular cavity, bia
trial dilatation, restrictive diastolic filling, interatrial septum or 
valve thickening, right ventricular wall thickening, pericardial 
effusion and apical sparing pattern on strain imaging [1]. 
However, the likelihood of detecting these abnormalities is 
related to the extent of cardiac amyloid infiltration [29]. 
Consequently, these red-flags are more commonly found in 
patients with increased wall thickness and significant cardiac 
amyloid infiltration. In patients with initial amyloid deposition, 
ECG and echocardiographic findings may be entirely normal 
despite underlying amyloid infiltration [13]. The diagnostic 
value of ECG and echocardiographic “red flags” has been 
validated primarily in patients with increased left ventricular 
wall thickness, while their role in individuals with normal wall 
thickness remains largely unknown [30,31]. Recent studies in 
asymptomatic carriers of pathogenic TTR variants without 
abnormal cardiac uptake on bone scintigraphy have shown 
that deformation parameters on echocardiography often 
remain within the normal range [32].

In the future, application of artificial intelligence may 
broaden the role of ECG and echocardiography in early detec
tion and monitoring of ATTR-CM. In a recent study from the 
Mayo Clinic, AI-based ECG analysis successfully predicted the 
presence of cardiac amyloidosis more than 6 months prior to 
clinical diagnosis in 60% of cases [33]. Machine learning mod
els can recognize subtle electrical or structural patterns, unde
tectable to the human eye, enabling identification of 
subclinical disease, TTR mutation carriers at risk, and poten
tially, tracking disease progression and treatment response.

At present, bone scintigraphy and cardiac magnetic reso
nance with extracellular volume (ECV) quantification are 
widely used in clinical practice to identify cardiac amyloid 
infiltration in patients with suspected cardiac amyloidosis or 
in asymptomatic carriers of pathogenic TTR variants [1]. Under 
normal condition, the myocardial extracellular space accounts 
for 22–28% of total myocardial volume. Amyloid deposition 
leads to progressive expansion of the myocardial interstitium, 
and, by combining pre- and post-contrast T1 maps, this signal 
can be isolated to obtain a surrogate quantitative measure of 

cardiac amyloid load: the ECV. This parameter may help iden
tify early cardiac involvement in asymptomatic carriers of 
pathogenic TTR variants, as a global increase in myocardial 
ECV in this setting most likely reflects an increase in the 
amyloid burden [34,35].

Positron electron tomography (PET) imaging has recently 
emerged as a promising tool for detecting cardiac amyloid 
infiltration and potentially differentiating between ATTR and 
AL amyloidosis [36,37]. Cardiac uptake on PET/CT imaging has 
been observed in patients with confirmed ATTR amyloidosis 
but no clinical evidence of cardiac involvement, normal bone 
scintigraphy, and normal cardiac biomarkers, suggesting that 
PET/CT imaging may detect early amyloid deposition before 
changes on bone scintigraphy [38,39]. Although very promis
ing, this imaging technique still lacks sufficient validation in 
clinical practice and requires further research, particularly 
among asymptomatic populations.

5. Natural history of pre-symptomatic ATTR-CM

Despite the absence of HF symptoms at diagnosis, asympto
matic patients with ATTR-CM experience substantial morbidity 
and mortality in the short term follow up [7,13]. In longitudinal 
cohorts, approximately one-third of patients progressed to 
clinical HF – defined as having been hospitalized for HF or 
progression to NYHA class ≥ II requiring diuretic agents – with 
a higher cumulative incidence observed in ATTRwt-CM com
pared to ATTRv-CM [7]. Atrial fibrillation and conduction 
abnormalities were common, with nearly 20% of patients 
requiring pacemaker implantation during follow-up [7].

The extent of cardiac amyloid infiltration established by 
myocardial uptake of bone tracer – has emerged as a key 
parameter to predict morbidity and mortality. In symptomatic 
patients, this has been demonstrated using SPECT imaging to 
distinguish localized from diffuse right ventricular uptake [27]. 
More recently, the prognostic relevance of Perugini grade 1 vs 
grades 2 or 3 myocardial uptake has been reported in asymp
tomatic ATTR-CM [13].

When assessing validated criteria of disease progression at 3  
years, patients with grade 2 or 3 myocardial uptake had sig
nificantly higher rates of development of HF, greater outpatient 
diuretic initiation and NT-proBNP elevation, greater HF hospita
lization and unplanned CV hospitalization compared to patients 
with grade 1 myocardial uptake [13] (Figure 3). Although all- 
cause mortality rates were similar between patients with grade 
2 or 3 uptake vs those with grade 1 uptake (with these groups 
having a similar age at diagnosis), cardiovascular mortality was 
5-fold higher in patients with grade 2 or 3 myocardial uptake 
compared with those with grade 1 uptake, in whom non-CV 
death was predominant [13]. These data may have significant 
implications for patients’ management, but warrant confirma
tion in larger, more diverse cohorts – particularly including 
more women and patients with hereditary ATTR amyloidosis – 
to refine risk stratification and inform clinical management. Of 
note, proper ascertainment of true myocardial grade 1 uptake 
requires SPECT/CT fusion imaging to avoid misclassification of 
blood pool activity, which was not performed in several earlier 
studies on bone scintigraphy in patients with possible cardiac 
amyloidosis. Furthermore, the lack of significant prognostic 
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differences between grades 2 and 3 uptake indicates the limita
tions of current scintigraphic grading systems for risk stratifica
tion. Alternative or complementary approaches may be useful 
for refining risk stratification strategies in asymptomatic 
patients including quantitative SPECT/CT using standardized 
uptake values (SUV), ECV quantification by CMR imaging, or 
PET/CT imaging with novel amyloid-specific radiotracers.

6. To monitor or to treat patients with 
asymptomatic ATTR-CM?

Understanding the natural history of asymptomatic ATTR car
diac amyloid infiltration is essential for guiding both indivi
dualized clinical decisions at the patient level and for 
designing future clinical trials in this population. Although 
patients may present without HF symptoms, accumulating 
evidence indicates that the absence of overt HF does not 
directly indicate freedom from cardiovascular risk. The degree 
of myocardial uptake on bone scintigraphy can identify the 
subgroup of patients at higher risk of developing HF and 
cardiovascular death within the wider spectrum of asympto
matic ATTR cardiac amyloid infiltration, potentially warranting 
early intervention.

Gonzales-Lopez et al. [7] reported that treatment with 
TTR stabilizers in asymptomatic patients with ATTR-CM was 
associated with improved long-term survival, with 
a favorable trend toward reducing or delaying the develop
ment of clinical HF. Given the progressive and ultimately 
fatal nature of ATTR amyloidosis if untreated, initiating dis
ease-modifying therapies able to prevent TTR tetramer dis
sociation or to suppress the production of TTR by the liver 
before substantial structural cardiac impairment establishes 
could theoretically confer greater benefit as opposed to 
starting treatment once the disease has already progressed. 
Bone scintigraphy interpreted with a clinical mind-set may 

be useful to personalize treatment strategies. Patients with 
grade 1 myocardial uptake generally show initial cardiac 
amyloid infiltration and predominantly non-cardiovascular 
mortality, resulting mostly from competing risks of death 
not related to amyloidosis. Initiation of disease-modifying 
treatment in this population may offer very limited benefit, 
with the exception of patients with hereditary ATTR amyloi
dosis with established neuropathy. In contrast, patients with 
grade 2 or 3 myocardial uptake have a more advanced 
cardiac amyloid infiltration, along with an increased risk of 
HF hospitalization and CV mortality, and are more likely to 
benefit from timely therapeutic intervention. However, cur
rent European [40] and American [41] guidelines recom
mend treatment with tafamidis in symptomatic patients 
with ATTR-CM and HF to reduce symptoms, CV hospitaliza
tions, and mortality. Re-assessing these indications in light 
of emerging data is critical in upcoming guidelines, particu
larly for asymptomatic patients with grade 2 and 3 myocar
dial uptake.

In the era of earlier diagnosis, research in the field of 
amyloidosis is moving toward the direction of preventive 
studies. The ongoing placebo-controlled ACT-EARLY trial 
(NCT06563895) is evaluating the efficacy of acoramidis to 
delay or prevent development of ATTR amyloidosis – defined 
as cardiomyopathy and/or neuropathy – in a contemporary 
population of approximately 600 asymptomatic carriers of 
pathogenic TTR variants [42].

While awaiting these results, asymptomatic patients with 
evidence of cardiac structural and functional impairment, ele
vation in cardiac biomarkers and grade 2 and 3 myocardial 
uptake may potentially benefit from implementation of con
ventional HF medications.

Patients with ATTR-CM have similar – and possibly 
greater – neurohormonal activation as compared to patients 
with HF of different etiologies, raising the possibility of ben
efit from neurohormonal modulation also in this patient 

Figure 3. Event rate in asymptomatic patients with ATTR-CM according to Perugini grade at diagnosis.
Legend: CV, Cardiovascular; HF, Heart Failure; ODI, Outpatient Diuretic Intensification; pys, patient-years. Data from [13]. 
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population. Emerging evidence indicates a protective effect 
of low-dose beta-blockers (when ejection fraction is equal or 
below 40%, even in patients without concomitant ischemic 
heart disease) [43], mineral-corticoid receptor antagonists 
(MRAs) and sodium-glucose cotransporter-2 (SGLT2) inhibi
tors across the spectrum of disease [44,45]. These drugs 
have been recently demonstrated beneficial in contemporary 
cohorts of ATTR-CM patients to reduce HF hospitalization, 
cardiovascular-related and all-cause mortality, and are there
fore increasingly considered in ATTR-CM management.

7. Open challenges and actionable targets for 
earlier diagnosis of ATTR-CM

7.1. Diagnostic accuracy of the non-biopsy algorithm in 
low pretest settings

Repurposed bone scintigraphy is the cornerstone of a validated 
imaging-based algorithm for the noninvasive diagnosis of ATTR- 
CM that has enabled confirmation of disease in 70% of cases 
without the need for tissue biopsy. When applied in appropriate 
clinical scenarios, bone scintigraphy reliably differentiates cardiac 
amyloidosis from other cardiac conditions presenting with 
increased wall thickness such as hypertrophic cardiomyopathy. 
In the presence of suggestive clinical, echocardiography or CMR 
findings, a Perugini grade 2 or 3 myocardial uptake on bone 
scintigraphy along with the absence of monoclonal protein in 
serum and urine (confirmed by serum free light chain assay, 
serum and urine immunofixation) has been shown to yield 
a positive predictive value approaching 100% for ATTR-CM. In 
the landmark study by Gillmore et al. [9] validating the non- 
biopsy algorithm, the number of false positive results (positive 
test without evidence of any form of cardiac amyloidosis) was 
near to zero, but the study cohort consisted of patients at high 
clinical suspicion of disease. However, with heightened disease 
awareness and broader clinical application of this diagnostic 
algorithm, it is critical to evaluate its diagnostic performance in 
settings with lower pretest probability.

The Amylo-VIP-HF study [46] addressed this question by 
prospectively evaluating 104 unselected patients with HFpEF 
or HF with mildly reduced ejection fraction (mean age of 72  
years). They were not pre-selected based on red flags or 
typical features of amyloidosis, and no threshold for LV wall 
thickness (i.e., ≥12 mm) was applied for inclusion. Bone scin
tigraphy demonstrated myocardial uptake in seven patients: 
four had grade 1 uptake (two had confirmed ATTR amyloi
dosis via subcutaneous fat aspirate), two with grade 2 
uptake, and one with grade 3 uptake. AL amyloidosis was 
excluded in all cases. Ultimately, five patients (4.8%) were 
diagnosed with wild-type ATTR-CM. All confirmed cases had 
increased wall thickness, supporting its continued use as 
a gatekeeper for further evaluation in the setting of HF of 
the elderly, with a high pretest probability of wild-type ATTR 
amyloidosis. Notably, no cases of ATTR-CM were identified in 
patients with normal wall thickness, suggesting that substan
tial amyloid burden is required to produce detectable impair
ment in cardiac structure and function in ATTR-CM.

These observations align with current pathophysiological 
model of ATTR amyloidosis, in which the main mechanism of 

damage is related to progressive extracellular amyloid 
deposition in the organ rather than direct cardiotoxicity [4]. 
This is different from AL amyloidosis, where smaller amyloid 
burden can result in severe systolic dysfunction due to the 
toxic effect of circulating light chain oligomers on cardiomyo
cytes. Therefore, in ATTR-CM, a larger amyloid burden is 
typically required to produce detectable structural or func
tional cardiac impairment. This explains the frequent clinical 
observation of preserved ejection fraction despite signifi
cantly increased wall thickness and advanced cardiac amyloid 
infiltration [27]. Consequently, ATTR amyloidosis is unlikely to 
be the primary cause of HF in patients with Perugini grade 1 
myocardial uptake and normal or mildly increased wall thick
ness. Subcutaneous fat aspiration failed to confirm the diag
nosis in two patients with grade 1 myocardial uptake, 
consistent with its known low sensitivity in early or isolated 
cardiac involvement (especially in wild-type ATTR amyloido
sis) [47]. Interestingly, myocardial uptake on bone scintigra
phy remained stable during follow up (2 to 5 years) in these 
two patients, suggesting that early disease may progress 
slowly in wild-type ATTR amyloidosis. Altogether, these 
observations indicate that Perugini grade 1 myocardial 
uptake often reflects early, sub-clinical stages of cardiac amy
loid infiltration that have not yet progressed to 
a cardiomyopathy or clinically relevant disease. An important 
exception lies in the anatomical location of amyloid deposi
tion. Even minimal deposition in critical conduction system 
structures, such as the atrio-ventricular node, may result in 
clinically significant bradyarrhythmias or high-grade AV 
block [48].

Of note, none of the patients were diagnosed with hereditary 
ATTR-CM in the Amylo-VIP-HF study. This explains the absence of 
cardiac uptake in patients with normal wall thickness, which can 
be seen in very early stages of cardiac amyloid infiltration in 
hereditary ATTR amyloidosis before wall thickness increases. 
Therefore, the identification of ATTR-CM through the HF path
way is more likely to identify older patients with ATTRwt-CM.

To enhance diagnostic precision, minimizing both false posi
tives and false negatives is essential. Prior studies have shown 
that the sensitivity of a positive technetium-labeled radionuclide 
bone scintigraphy for the identification of cardiac ATTR amyloid 
deposits is 99% when any degree of myocardial uptake is con
sidered. However, this sensitivity declines to 70% when consider
ing only grade 2 or 3 myocardial uptake combined with the 
absence of monoclonal proteins in serum and urine, even in 
patients with a high pretest probability of disease [9]. 
Therefore, the risk of false negative results may be relevant in 
settings at lower pretest probability, for patients with early dis
ease or with MGUS, which is the focus of population-based 
screening. Dedicated studies using multimodality imaging will 
be required to improve sensitivity and refine diagnostic accuracy 
across diverse clinical scenarios.

7.2. Limitations of current wall thickness thresholds for 
raising suspicion of disease

A remarkable male predominance has been consistently 
reported in symptomatic ATTR-CM approaching >80–90% of 
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cases, and exceeding this in ATTRwt-CM [49]. This finding was 
observed also in available studies in asymptomatic patients 
with ATTR-CM [7,13]. The basis for this sex imbalance remains 
unclear. It may reflect a true biological predisposition or 
result, at least to some extent, from diagnostic bias related 
to the criteria currently used to suspect and identify the 
disease.

Echocardiography is the frontline imaging modality that 
most frequently raises suspicion of disease. Among the recog
nized red flags, increased wall thickness which remains the 
main finding triggering further diagnostic work-up. Current 
European and American guidelines on cardiac amyloidosis 
recommend a value for non-indexed LV wall thickness of 
12 mm or greater on echocardiography to prompt referral for 
investigation for ATTR-CM. Of note, the use of this threshold 
has several limitations in clinical practice. First, this cut off 
value for septal thickness was taken from early studies in 
patients with systemic immunoglobulin AL amyloidosis 
where it was used to confirm the presence of cardiac involve
ment and arbitrarily applied to ATTR-CM. This cut off value is 
very sensitive and minimizing missing AL-CA, as missing car
diac involvement in AL amyloidosis has detrimental conse
quences. In AL amyloidosis, patients are much younger and 
with less comorbidities as opposed to patients with ATTR-CM, 
and thus increased wall thickness may be more reflective of 
cardiac amyloid deposition than other processes such as arter
ial hypertension or aortic valve stenosis. Second, a universal 
threshold of 12 mm for LV wall thickness does not seem to 
perform adequately in ATTR-CM as the 12 mm cutoff is not 
sex-specific. Normal reference values for LV wall thickness are 
lower in women than in men. Therefore, using a single diag
nostic threshold may lead to underdiagnosis in women and 
delayed disease recognition, contributing to the observed 
male predominance in ATTR-CM.

Third, an absolute threshold of 12 mm does not consider 
the anthropometric features such as body surface area or 
height, which are known to influence ventricular wall thick
ness. A recent study by the National Amyloidosis Centre sug
gested that using non-indexed IVS thickness values may lead 

to inaccurate perception of a milder clinical phenotype in 
women compared to men. Indexed LV wall thickness using 
BSA or height may potentially reflect more accurately the 
severity of cardiac involvement [49,50], highlighting the need 
to establish sex-specific thresholds to refine diagnostic criteria 
in both men and women. Large prospective studies are 
needed to determine the clinical impact of sex-specific cutoffs 
in patients evaluated for suspected amyloidosis, which may 
change the epidemiological figure of ATTR amyloidosis as we 
know it today.

7.3. Leveraging early clinical markers for targeted 
screening

With effective diagnostic approaches and timely initiation of 
disease-modifying therapy able to improve outcomes, popula
tion-based screening for early identification of ATTR-CM 
before significant organ dysfunction has ensued is becoming 
a clinical priority [19]. As such screening has to be effective 
and sustainable, identification of early and reliable clinical 
markers is essential to target subgroups at high pretest prob
ability [19].

CTS has emerged as a common extracardiac site for ATTR 
amyloid deposition, both in wild-type and variant forms, and 
is the earliest clinical marker of disease known nowadays, 
which can precede by 5 to 10 years the future development 
of ATTR-CM [51,52]. CTS may occasionally occur in AL amy
loidosis, but its prevalence is comparable to that of the gen
eral population. Notably, amyloid deposition in tenosynovial 
tissues, nearly all ATTR, has been identified in 10% to 30% of 
patients at the time of carpal tunnel surgery [53,54]. However, 
the reason for this association has not been elucidated. 
A plausible explanation for the preferential deposition of 
ATTR amyloid in anatomical sites exposed to significant 
mechanical stress, such as the heart and the carpal tunnel, 
comes from the mechano-enzymatic cleavage hypothesis 
[4,55]. This model suggests that biomechanical forces, parti
cularly shear stress from physiological fluid flow, may 

Unfolding forces
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dissociation

Dissociation

1–48 TTR

49–127 TTR

Full length 
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Fibrils formation

Figure 4. Mechano-enzymatic cleavage model for transthyretin amyloid formation in tissues with elevated biomechanical forces.
Legend: TTR, transthyretin. Re-used from Porcari et al. [4] under an Open Access CC-BY-NC-ND license. 
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facilitate the enzymatic cleavage of transthyretin, thereby 
promoting fibrillogenesis and subsequent amyloid deposition 
[56] (Figure 4). While conceptually compelling, this hypoth
esis may not fully explain amyloid deposition in all organs 
affected by ATTR and additional mechanisms yet to be fully 
elucidated, are likely to contribute to tissue-specific amyloid 
tropism.

Data from the Cardiac Amyloidosis Carpal TUnnel 
Syndrome (CACTUS) study [11] exploring the presence of 
ATTR-CM in 250 patients who had undergone bilateral carpal 
tunnel release 5 to 15 years before enrollment, helped identify 
clinical phenotypes at increased risk of disease. The prevalence 
of ATTR-CM was 8.8% overall among men and reached 21.2% 
in men aged ≥70 years with a BMI < 30 kg/m2, highlighting the 
potential clinical impact of systematic screening for amyloido
sis in this population. In a sub-analysis of this study, measuring 
cardiac biomarkers after 5 to 10 years from carpal tunnel 
surgery has been explored as a cost-effective strategy for 
screening for ATTR-CM. A TnT <13 ng/L or a NT-proBNP 
below the age-dependent threshold were shown to effectively 
rule out early cardiac amyloidosis, with a negative predictive 
value of 99–100% [57]. Whilst reasonable as rule out strategy, 
the use of cardiac biomarkers in this population for rule in 
purposes may pose substantial challenges.

Interestingly, the presence of unexplained cardiac hyper
trophy (i.e., increased wall thickness in the absence of abnor
mal loading conditions) by echocardiography at the time of 
carpal tunnel surgery has been reported to identify 
a subgroup of patients at elevated risk of future ATTR-CM 
diagnosis [12].

Altogether, these findings support the use of CTS as an 
early clinical marker to raise suspicion of ATTR-CM and to 
identify individuals at increased risk who warrant longitudinal 
monitoring. The feasibility of implementing systematic screen
ing among all CTS surgery patients should be evaluated from 
a health-economic perspective, particularly in resource-limited 
settings [19,58].

8. Conclusion

With major advances in disease awareness, noninvasive diag
nosis and the availability of disease-modifying treatment, the 
landscape of ATTR-CM is evolving rapidly [59]. Once consid
ered a rare and fatal disease, ATTR-CM is now increasingly 
identified at asymptomatic stages, posing new challenges 
and opportunities for clinical management.

Asymptomatic ATTR-CM is not benign for all patients. A subset 
of patients experience meaningful cardiovascular morbidity and 
mortality within a relatively short time. The degree of myocardial 
uptake on bone scintigraphy, as graded by the Perugini score, may 
help identify patients with faster disease progression who could 
benefit from early therapeutic intervention; despite current guide
lines restrict treatment to symptomatic patients with overt HF. 
However, our understanding of asymptomatic ATTR cardiac amy
loid infiltration remains limited, with many key questions left 
unanswered: where is the boundary between “physiological” amy
loid deposition and clinically significant disease (cardiac amyloido
sis)? what is the minimal amyloid burden that justifies treatment 
with costly disease-modifying therapies? how can large-scale, cost- 

effective and sustainable screening be implemented in popula
tions at risk for early identification of ATTR-CM? how should dis
ease progression be monitored in asymptomatic stages, with 
cardiovascular imaging, biomarkers, or both? Could artificial intelli
gence improve diagnostic accuracy or refine risk stratification in 
pre-symptomatic stages?

As the population of asymptomatic ATTR-CM patients con
tinues to grow, defining reliable strategies for early identifica
tion, disease staging, monitoring, and indications for 
therapeutic intervention will be essential to optimize patient 
outcomes and fully leverage the potential of early diagnosis.

9. Future perspective

Over the next decade, the field of ATTR-CM is expected to shift 
toward systematic early detection and personalized treatment 
strategies. Screening programs targeting high-risk populations, 
such as individuals with CTS, carriers of pathogenic TTR variants, 
and elderly patients with unexplained increases in ventricular wall 
thickness, will likely become more structured, accessible and cost- 
effective. Advances in multimodality imaging, biomarkers, and AI 
are anticipated to enable earlier and more accurate detection of 
early disease and risk stratification. In parallel, the therapeutic 
landscape will expand to include next-generation TTR stabilizers 
and gene-silencing or in-vivo editing approaches, allowing treat
ment initiation before the onset of clinical HF. These innovations 
have the potential to substantially change the natural history of 
the disease. Furthermore, the development of amyloid-depleting 
strategies using targeted antibodies may transform ATTR-CM from 
a late-diagnosed, progressive cardiomyopathy into a treatable, or 
even reversible model of cardiac disease.
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