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Abstract

Cardiac amyloidosis (CA) has emerged from the margins of cardiology to the forefront of research and practice on heart failure. Once
regarded as rare and elusive, CA is now recognized as a significant cause of heart failure with preserved ejection fraction (HFpEF),
arrhythmias, and valvular disease, especially in older patients. CA is characterized by extracellular deposition of misfolded protein
fibrils, which infiltrate the myocardium and disrupt the structural and electrical integrity. Although CA can stem from multiple amy-
loid types, transthyretin amyloidosis (ATTR) and light-chain (AL) amyloidosis are the predominant subtypes with cardiac involvement,
each carrying distinct implications for prognosis and therapy. This review explores CA as a clinical reality often obscured by more
common cardiovascular syndromes. Moreover, this review focuses on the varied presentations of CA in real-world practice, how the
condition overlaps with HFpEF, the subtle clues for CA amid common valvular disorders, and the complex rhythm manifestations of the
condition. Particular attention is given to thromboembolic risk, microvascular dysfunction, and the evolving paradigm of preclinical or
asymptomatic amyloidosis management. Furthermore, this review addresses contemporary challenges such as financial toxicity and the
cost-effectiveness of screening, emphasizing the benefits of early detection and therapy. The paper also discusses risk stratification and
staging, drawing from validated models to guide both prognosis and treatment decisions, and the role of histopathological characteriza-
tion. Thus, this review underscores the importance of timely recognition and tailored intervention in transforming CA from a terminal
diagnosis into a manageable chronic condition.
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1. Risk Features, Staging, and Screening
Cardiac Amyloidosis (CA)

Numerous clinical, laboratory, and imaging findings,
ranging from extracardiac “red flags” like carpal tunnel
syndrome to specific electrocardiographic and echocardio-
graphic changes, help identify CA early [1,2], as summa-
rized in Table 1. Notably, longitudinal strain, transmural
late gadolinium enhancement (LGE), myocardial extracel-
lular volume (ECV), and hepatic ECV in systemic light-
chain (AL) amyloidosis are independently associated with
increased mortality [3,4]. After diagnosis, staging using es-
tablished systems such as Mayo (2004/2012) for AL amy-
loidosis and the National Amyloidosis Centre (NAC) cri-
teria for transthyretin amyloidosis (ATTR) guide prognosis
and therapy [5,6]. While newer systems (e.g., European-
modified Mayo) have improved stratification in research
settings, they remain secondary in routine clinical care [7].

1.1 Early Biopsy & Non-biopsy Diagnosis

Endomyocardial biopsy (EMB) remains the definitive
diagnostic standard, especially in cases of suspected AL
amyloidosis, monoclonal proteinemia, equivocal imaging,
or coexisting conditions [8,9]. However, in ATTR amyloi-
dosis, particularly wild-type ATTR (wtATTR), non-biopsy
diagnosis using bone-avid tracer scintigraphy (99mTc-PYP,
DPD, or HMDP) combined with negative serum and urine
immunofixation and serum free light chain (sFLC) assay
has high specificity and is now endorsed in major guide-
lines [10]. Importantly, EMB is still advised if monoclonal
gammopathy is present, despite highgrade tracer uptake, to
avoid misclassification [11].

1.2 Targeted Populations

Several clinical scenarios are recognized as high-yield
targets for CA screening, including older adults with bilat-
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Table 1. Alarming features in cardiac amyloidosis (CA).
Domain Alarming features

Genetics - AL amyloidosis: IGLV1-44 germline gene
- ATTR amyloidosis: p.V142I, p.T80A, p.V50M

Clinical Picture - Male sex, age >60
- Family history of neuropathy or unexplained heart failure
- HFpEF with normal blood pressure
- Atrial fibrillation without other causes
- Intolerance to GDMT
- Orthostatic hypotension or syncope
- Diagnosed HCM after age 60
- Low-flow, low-gradient AS
- Unexplained AV block, bradycardia, or pacemaker implantation
- Bilateral carpal tunnel syndrome
- Lumbar spinal stenosis
- Peripheral/autonomic neuropathy
- Macroglossia or altered taste
- Recurrent pleural effusions
- History of plasma cell disorder

Laboratory - Elevated troponin T or I
- Elevated NT-proBNP
- Nephrotic-range proteinuria

Electrocardiography (ECG) - Low QRS voltage
- Pseudoinfarction pattern (e.g., Q waves without coronary artery disease)

Echocardiography - Increased LV wall thickness
- Apical sparing pattern of longitudinal strain
- Right ventricular hypertrophy
- Biatrial enlargement
- Restrictive filling pattern
- Pericardial effusion
- Atrial septal and valvular thickening
- Granular sparkling myocardium

Other Imaging - Transmural LGE on CMR
- Elevated myocardial or hepatic extracellular volume (ECV)
- Cardiac uptake on bone scintigraphy (DPD/PYP grade 2–3)
- Amyloid PET tracer uptake (e.g., 18F-florbetapir)

AL, light-chain; ATTR, transthyretin amyloidosis; HFpEF, heart failure with preserved ejection fraction;
GDMT, guideline-directed medical therapy; HCM, hypertrophic cardiomyopathy; AS, aortic stenosis; AV,
atrioventricular; NT-proBNP, N-terminal pro–B-type natriuretic peptide; ECG, electrocardiography; LGE,
late gadolinium enhancement; CMR, cardiac magnetic resonance; DPD/PYP, bone scintigraphy tracers; PET,
positron emission tomography; LV, left ventricular.

eral carpal tunnel syndrome, a condition that often precedes
clinical CA by approximately 5 to 15 years [12]. Similarly,
older patients diagnosed with heart failure with preserved
ejection fraction (HFpEF) warrant evaluation, as up to 13%
may exhibit significant tracer uptake indicative of CA [13].
Additionally, patients with aortic stenosis (AS), especially
those undergoing evaluation for transcatheter aortic valve
replacement (TAVR), show a substantial prevalence (ap-
proximately 9–16%) of coexisting CA [14]. We propose
that patients with severe AS who are candidates for valve
replacement should undergo evaluation using the RAISE
score, followed by bone scintigraphy if found to be high-
risk (Table 2) [15]. Screening is also recommended for in-

dividuals presenting with plasma cell disorders, neuropa-
thy, indications for pacemaker implantation, lumbar spinal
stenosis, or recurrent tendon ruptures due to their increased
risk of underlying cardiac amyloid deposition [16].

1.3 Screening Modalities

Screening for CA should be tailored to the suspected
subtype. For ATTR amyloidosis, particularly in older pa-
tients with HFpEF or AS, initial evaluation should include
serum and urine immunofixation and difference in free
light chains (dFLC) assays to rule out monoclonal pro-
tein. If these tests are negative, technetium-labeled bone
scintigraphy (e.g., DPD or PYP) should be performed [16–
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Table 2. RAISE score for screening cardiac amyloidosis (CA) in patients referred for TAVR.
RAISE component Points

Left ventricular hypertrophy and/or diastolic dysfunction 1
Age >85 years 1
High-sensitivity troponin I >20 ng/L 1
History of carpal tunnel syndrome 3
Right bundle branch block 2
Low QRS voltage on ECG 1
TAVR, transcatheter aortic valve replacement.

18]. In cases of conflicting or inconclusive results, car-
diac magnetic resonance imaging (CMR) or EMB is rec-
ommended [9,19]. For AL amyloidosis, any positivemono-
clonal protein testing warrants an immediate EMB, regard-
less of imaging findings. Once CA is confirmed, staging
using validated systems such as the Mayo or NAC criteria
helps guide prognosis and treatment intensity [4–6].

1.4 Staging Strategy
Staging systems can be helpful in CA to assess sever-

ity, guide therapy, and identify appropriate clinical trial
candidates, as summarized in (Table 3) [2,7]. For AL amy-
loidosis, the Mayo 2012 staging system, using biomark-
ers including troponin T, NT-proBNP, and sFLC, is widely
validated [4–6]. Although the European modification of
the Mayo system offers improved predictive accuracy in
research, its broader clinical acceptance is limited due
to inconsistent validation and outdated initial treatment
paradigms [7]. Thus, updates reflecting contemporary
treatments like bortezomib-based regimens are essential.

In ATTR amyloidosis, theMayo andNAC staging sys-
tems incorporate NT-proBNP, troponins, and renal func-
tion. TheMayo systemwas validated primarily in wtATTR,
whereas theNAC system is applicable to bothwild-type and
variant ATTR amyloidosis [20,21]. The recently developed
Columbia system, integrating New York Heart Association
(NYHA) functional class and diuretic dosage, has improved
prognostic accuracy but requires further clinical validation
[22]. Due to these limitations, clinicians must carefully in-
terpret staging systems, underscoring the need for ongoing
refinement to align with current clinical practices.

2. Valve Disease and Rhythm Disorders in
CA
2.1 Valvular Involvement
2.1.1 Aortic Stenosis
2.1.1.1 Prevalence, Presentation and Pathophysiology.
Aortic stenosis and CA, particularly ATTR amyloidosis,
often coexist in elderly patients and present a diagnostic
and therapeutic challenge due to overlapping clinical and
hemodynamic features. Some studies found that approxi-
mately 4–16% of patients undergoing TAVR for AS have
concurrent ATTR amyloidosis [14,23]; hence, it’s very im-
portant for clinicians to be aware of this dual pathology

coexistence. A common presentation in these patients is
low-flow, low-gradient severe AS with preserved left ven-
tricular ejection fraction (LVEF), a restrictive pattern that
reflects the stiff, infiltrated myocardium typically seen in
CA. These patients often exhibit a low stroke volume in-
dex (SVi), reduced myocardial contraction fraction (MCF),
low mitral annular S’ velocity, and low tricuspid annular
S’ velocity distinguishing them from those with isolated
AS [15,24,25]. As expected, interventricular septal thick-
ness, relative wall thickness, posterior wall thickness, LV
mass index, and LA dimensions were found to be signif-
icantly higher in patients with AS-CA when compared to
those with AS alone [24]. The pathophysiology involved
structural infiltration of amyloid fibrils into the aortic valve
leaflets, which leads to calcification and fibrosis that even-
tually worsened the stenosis. Histopathological examina-
tion of surgically removed valves in elderly patients con-
firmed the frequent presence of amyloid deposits, suggest-
ing a direct role in aortic valve disease progression [26].

2.1.1.2 Diagnosis. In clinical practice, there are several
clues that should raise suspicion for coexisting CA in
a patient with AS. Discrepancies between marked LV
wall thickening and low electrocardiogram (ECG) volt-
ages (voltage-to-mass mismatch) are key indicators. Re-
duced global longitudinal strain (GLS) with apical sparing
on echocardiography is another finding suggestive of CA.
If these red flags are present, particularly in low-flow low-
grade AS cases, physicians should pursue further imaging
with CMR or nuclear scintigraphy. Bone scintigraphy us-
ing technetium-labeled tracers like 99mTc-DPD has shown
high diagnostic accuracy for ATTR amyloidosis, especially
with positive Grade 2 or 3 myocardial uptake [17].

2.1.1.3 Management. The management of patients with
concomitant AS-CA, particularly ATTR amyloidosis, is
complex and requires a tailored, multidisciplinary ap-
proach. General heart failure therapies focus on symptom
control, with loop diuretics are the mainstay for volume
overload. However, these must be used cautiously due to
the preload-dependent restrictive pattern of amyloid hearts
[27]. Conventional agents such as beta-blockers and cal-
cium channel blockers must be avoided due to their nega-
tive chronotropic effect, as they may worsen hypotension
or impair cardiac output since those patients are depen-
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Table 3. Commonly used staging systems for cardiac amyloidosis (CA).
System Biomarker cutoffs Staging criteria

AL
Mayo 2012 - NT-proBNP ≥1800 ng/L - Stage I: All markers below threshold

- Troponin T ≥25 ng/L - Stage II: 1 marker elevated
- dFLC ≥180 mg/L - Stage III: 2 elevated

- Stage IV: All 3 elevated
European
Modification
of Mayo 2004

- NT-proBNP: 332–8500 ng/L - Stage I: Both below cutoffs
- Troponin T ≥35 ng/L - Stage II: One above cutoff

- Stage IIIa: NT-proBNP 332–8500 + elevated troponin T
- Stage IIIb: NT-proBNP >8500 + elevated troponin T

ATTR
Mayo - NT-proBNP ≥3000 ng/L - Stage I: Both below cutoffs

- Troponin T ≥50 ng/L - Stage II: One above cutoff
- Stage III: Both above cutoffs

NAC - NT-proBNP ≥3000 ng/L - Stage I: Both below cutoffs
- eGFR ≤45 mL/min/1.73 m2 - Stage II: One above cutoff

- Stage III: Both above cutoffs
Columbia - NYHA Class I–IV: 1 point per class - Total Score: 1–3 = Low Risk, 4–6 = Intermediate Risk, 7–9 = High Risk

- Diuretic dose (furosemide equivalent):
 • 0 mg/kg = 0 pts
 • 0–0.5 mg/kg = 1 pt
 • 0.5–1 mg/kg = 2 pts
 • >1 mg/kg = 3 pts
- Base: NAC or Mayo stage

dFLC, difference in free light chains; NT-proBNP, N-terminal pro–B-type natriuretic peptide; NAC, National Amyloidosis Centre; eGFR,
estimated glomerular filtration rate; NYHA, New York Heart Association functional class.

dent on heart rate in maintaining cardiac output because of
the impaired ventricular filling with CA [14,27]. In cases
of acute decompensation, selective therapies like tolvaptan
or levosimendan, have shown potential for volume reduc-
tion and hemodynamic support [14]. Targeted therapy de-
pends on amyloid subtype. In ATTR amyloidosis, tafamidis
is the first-line agent that prevents the formation of final
amyloid fibrils. It has demonstrated reduced mortality, de-
creased cardiovascular hospitalization, and halted the de-
cline in functional capacity and quality of life in clinical
trials, though its high cost and limited availability remain
challenging [28]. Other emerging therapies, including gene
silencers like patisiran and inotersen, offer promising op-
tions but require further monitoring and investigation. For
AL amyloidosis, chemotherapy targeting plasma cells lead-
ing to decrease in light chains formation is the standard of
care but carries substantial toxicity, particularly in elderly
patients. Aortic valve replacement remains the most defini-
tive management of AS-CA. When it comes to valve re-
placement, TAVR has emerged as a possibly preferred strat-
egy over surgical aortic valve replacement (SAVR) in pa-
tients with AS-CA. Few studies have shown that TAVR is
associated with better outcomes, including lower mortality,
fewer hospitalizations, and reduced procedural risks when
compared to SAVR or medical therapy [27,29,30]. How-
ever, valve replacement doesn’t always correlate to dra-
matic clinical improvement, as the underlying myocardial

disease remains a significant concern. Certain factors can
help predict when valve intervention may offer limited ben-
efit. These include a LVEF under 50%, severely reduced
GLS worse than –10%, Grade III diastolic dysfunction, and
very low SVi (<30–35mL/m2) [27]. In such cases, patients
might be better served by medical management alone and
by initiating disease-modifying therapies. Consequently,
managing such complicated cases necessitates a multidis-
ciplinary team discussion, involving heart failure, valvular
heart disease, and amyloidosis specialists to optimize the
management for each patient.

2.1.2 Mitral and Tricuspid Regurgitation (MR & TR)
2.1.2.1 Prevalence of MR/TR in CA©. Valvular regurgi-
tation is common in patients with CA. In a multicenter
U.S. study of 345 CA patients (73% male, 110 AL and
235 ATTR), 62% had some degree of MR and 66% had
TR on echocardiography  [31]. An Italian multi-center reg-
istry of 538 CA patients (359 ATTR and 179 AL) found
that 55% had at least moderate regurgitation of either the
mitral or tricuspid valve: isolated significant MR in 20.8%,
isolated significant TR in 12.3%, and combined MR+TR in
22.3% [32]. In that study, the overall prevalence of moder-
ate/severe MR and TR did not differ greatly by CA subtype
(ATTR vs AL). Several studies from specialized amyloido-
sis centers in Europe have reported prevalence rates of sig-
nificant MR and TR in CA. Chacko et al. [33] described a
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prevalence of ~13% for moderate-or-severe MR and ~17%
formoderate-or-severe TR in a cohort of 877ATTR amyloi-
dosis patients in the UK. Other cohorts have reported inter-
mediate prevalence (~17–24% with at least moderate MR)
[34]  . Another study by Fagot et al. [35] reported moderate-
or-severe TR in 26.2% of 283 CA patients, with nearly sim-
ilar frequency in AL (23%) and ATTR (28%) subgroups.

2.1.2.2 Pathophysiology and Mechanisms of Regurgita-
tion in CA. Primary amyloid infiltration of valve leaflets:
Amyloid protein (whether light chains or transthyretin) can
infiltrate the valve leaflets and chordae tendineae. Autopsy
and surgical pathology studies have shown amyloid de-
posits in mitral and tricuspid valve tissue of CA patients
[34] . This infiltration increases leaflet thickness and stiff-
ness, impairing their mobility and coaptation. A classic
study using acoustic microscopy found that mitral valves
fromCA patients with significantMRweremarkedly stiffer
than those from CA patients with only mild MR or controls 
[36]. In CA patients, echocardiography often reveals valve
thickening (especially of the leaflets and subvalvular appa-
ratus) even in the absence of heavy calcification [37]. No-
tably, unexpected presentation with severe MR due to chor-
dae rupture has been reported in CA patients [38]. Chacko
et al. [33] observed that in ATTR amyloidosis patients with
MR and/or TR, morphological and microscopic abnormal-
ities were present in all different components of the AV ap-
paratus, including the annulus, leaflets, commissures, chor-
dae tendinae, papillary muscles and the surrounding atrial
and ventricular myocardium. These were not only due to
amyloid deposits but also due to cardiac remodeling [33].

Ventricular remodeling and geometry: CA leads to
concentric left ventricular thickening and reduced chamber
volumes due to amyloid deposits in the myocardium. This
altered ventricular geometry can contribute to MR by re-
stricting the normal systolic motion of the papillary muscles
and leaflets [37]. Infiltration of the papillary muscles them-
selves may also occur [33]. The net effect is a form of func-
tional MR due to impaired leaflet coaptation despite struc-
turally intact leaflets (often classified as Carpentier func-
tional class III dysfunction). Indeed, MR in CA is com-
plex and can fulfill Carpentier classes I, II, or III in differ-
ent scenarios [34]. For example, leaflet restriction (class
III) is common from stiff leaflets or tethering, but occasion-
ally chordae rupture (a class II mechanism, excess motion)
has been reported in CA causing acute MR [38]. On the
right side, extensive amyloid infiltration of the right ventri-
cle (and interventricular septum) can lead to elevated right-
sided filling pressures and functional TR due to ventricular
dilation and annular stretching.

Atrial enlargement and functional regurgitation: A
hallmark of CA (especially ATTR) is bi-atrial enlargement
due to restrictive filling and elevated filling pressures. The
consequent dilation of the mitral and tricuspid annuli can
produce functionalMR or TR in the setting of normal leaflet
motion (Carpentier type I). This is further exacerbated by

AF (present in a large percentage of CA patients), which
leads to loss of atrial contractile function and progressive
annular dilation [37,39]. In fact, the most common mech-
anism of MR in CA observed in one large study was atrial
functional MR, followed by primary infiltrative MR [32].
Likewise, for TR, functional mechanisms secondary to pul-
monary hypertension (resulting from left heart failure and
amyloid lung congestion) or right atrial enlargement are fre-
quently noted [32].

Coexisting degenerative valve disease: Many patients
with wtATTR amyloidosis are elderly and may have con-
comitant age-related valvular degeneration independent of
amyloid. For example, fibrocalcific degeneration of the
aortic valve (aortic sclerosis/stenosis) frequently coexists
with CA [31,37]. In the mitral valve, annular calcifica-
tion or fibroelastic degeneration might contribute to MR
alongside amyloid. It can be challenging to distinguish pure
“amyloid-related” regurgitation from degenerative or func-
tional etiologies in a given patient. In practice, CA patients
often have a mixed etiology for MR/TR. For example, an
older patient might have mild myxomatous degeneration
plus amyloid infiltration plus atrial enlargement, all con-
tributing to regurgitation.

2.1.2.3 Prognosis. Impact of MR on outcomes: Recent
data suggest that mitral regurgitation has prognostic impor-
tance in CA. Chacko et al. [33] followed 877 ATTR amy-
loidosis patients and found that progression of MR sever-
ity over time was one of the strongest predictors of mor-
tality in their cohort. In an earlier analysis (1240 CA pa-
tients), moderate-or-severe MR at baseline was associated
with worse survival [40]. The finding that worsening MR
is a bad sign suggests MR could be a surrogate for dis-
ease progression (perhaps reflecting worsening restrictive
physiology or AF onset). Another multicenter Italian study
provided strong evidence that significant valvular regurgi-
tation portends worse outcomes in CA independent of other
factors. Patients were stratified by no significant MR/TR,
isolated MR, isolated TR, or combined MR+TR. Those
with isolated TR and combined MR/TR had a significantly
higher risk of death or heart-failure hospitalization com-
pared to those without significant regurgitation, even after
adjusting for age, sex, CA subtype, and cardiac biomarkers
[32].

Impact of TR on outcomes: TR in CA is emerging
as an important prognostic marker. In the multicenter Ital-
ian study, authors found that isolated TR carried the high-
est hazard for adverse outcomes ; even higher than those
with combined MR/TR (adjusted hazard ratio for all-cause
death/HF hospitalization was 2.75 for isolated TR and 2.31
for combined MR/TR) [32]. Similarly, in a U.S. cohort
of 345 CA patients, moderate/severe TR was associated
with significantly worse median survival (2.3 years) ver-
sus none/mild TR (3.35 years) [31]. In that study, TR even
had a clearer association with mortality than MR [31]. One
explanation could be that severe TR reflects advanced right-
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sided failure and diastolic dysfunction, which in CA indi-
cates a more advanced disease. Additionally, TR aggra-
vates renal and hepatic congestion, potentially accelerating
multi-organ failure in those patients.

2.1.2.4 Management. The management of CA with MR
and TR requires a two-pronged approach: treating the un-
derlying amyloid disease to halt or slow progression and
addressing the valvular dysfunction to relieve symptoms
and improve hemodynamics. Amyloid-targeted therapy in-
cludes chemotherapy for AL amyloidosis and transthyretin
stabilizing agents such as tafamidis for ATTR amyloido-
sis. Supportive HF therapy is generally required with the
similar limitations discussed in AS section. Maintaining si-
nus rhythm or at least controlled rate in AF is crucial to
maximize cardiac output and minimize regurgitation vol-
umes. Amiodarone is often the drug of choice for AF in CA
since rate control agents are usually intolerable in this pop-
ulation. Transcatheter Edge-to-Edge Repair (TEER, Mitr-
aClip) has emerged as an attractive option to treat MR. A
German case series of 5 amyloidosis patients (4 ATTR, 1
AL) who underwent MitraClip reported 100% procedural
success with durable MR reduction [41]. They even sug-
gested a survival benefit compared to matched CA patients
with severe MR who did not get TEER. A larger study of
120 TEER patients included 23 with CA. They achieved
100% acute procedural success and significant MR reduc-
tion in all CA cases [39]. However, patients with dual CA
and MR had worse outcomes (HF hospitalization/all-cause
mortality) compared to those with MR alone.

Transcatheter therapies for TR have lagged behindMi-
traClip but are now emerging. The PASCAL-Ace and the
TriClip-Systems have been used for the transcatheter tri-
cuspid valve repair. The largest case series to date, from
the University Heidelberg, treated 8 ATTR amyloidosis pa-
tients (and 21 non-amyloid controls) with the PASCAL de-
vice for severe TR [42]. The procedural success was 100%,
and at 3 months follow-up, the TR grade improved signifi-
cantly and NYHA functional class improved. Importantly,
when comparing the outcomes of the CA patients to non-
CA TR patients, there was no significant difference in sur-
vival or heart failure hospitalization at short-term follow-
up [42]. This suggests that CA patients can benefit from
TR reduction similarly to other patients, at least in terms of
symptomatic relief, without excessive peri-procedural risk.

2.1.3 Mitral and Tricuspid Stenosis
Unlike the high prevalence of AS in CA patients, MS

and TS seem to be extremely rare in this patient popula-
tion. Data from large CA centers did not show any clin-
ically relevant proportion of either MS or TS [34]. When
carefully searching the literature, only very few case reports
were found to reportMS or TS in this subset of patients [43–
45]. This can be attributed to the fact that amyloid deposi-
tion in the valve apparatus often causes annular dilatation,
increasing leaflet thickness and stiffness which can coun-

teract the potential for stenotic processes, making stenosis
less common.

2.2 Arrhythmias and Electrophysiology
2.2.1 Atrial Fibrillation
2.2.1.1 Epidemiology and Prevalence. CA is a restrictive
cardiomyopathy that results from the extracellular deposi-
tion of misfolded proteins, and its clinical recognition has
expanded rapidly in recent years. One shared challenge
across the spectrum of CA is the high burden of cardiac
dysrhythmias, especially AF. In patients with wtATTR, AF
is remarkably common, occurring in nearly 70% of cases,
as shown by Mints et al. [46]. This is a striking contrast
to the AF prevalence observed in other forms of heart fail-
ure, where it tends to range from 13% to 27% [47]. In their
cohort of 146 biopsy-confirmed wtATTR patients, AF was
associated with more severe diastolic dysfunction but did
not confer an independent mortality risk [46]. This finding
contrasts with non-amyloid heart failure cohorts, where AF
is consistently associated with worse prognosis [48]. Other
studies reported a 26% prevalence of AF among those with
AL amyloid with an overall prevalence of 44% in CA pa-
tients [49]. The disproportionately high burden of AF is
thought to be multifactorial including direct amyloid fibril
infiltration of the myocardium leading to fibrosis, cardiac
remodeling, and electromechanical dissociation. Addition-
ally, the restrictive pattern seen in CA leads to elevated fill-
ing pressure and atrial dilatation which is arrhythmogenic
[49].

2.2.1.2 Role of Anticoagulation. As for anticoagulation
strategy, Mints et al. [46] found that warfarin was used in
78% of patients, while direct oral anticoagulants (DOACs)
were used in only 17%. Generally, there is insufficient
data comparing the use of DOACs vs warfarin in CA pa-
tients; hence, the anticoagulation choice currently follow-
ing general guidelines for AF [50]. Safety and efficacy of
DOACs in the general AF population may support their
use in ATTR amyloidosis patients without contraindica-
tions. However, renal and gastrointestinal involvement in
AL amyloidosismay favor the use of warfarin [51–53]. Left
atrial appendage (LAA) closure may still be considered for
patients with contraindications to anticoagulant therapy or
those who developed complications [54].

2.2.1.3 Role of Rate Control. Beyond anticoagulation, rate
and rhythm control in CA present unique challenges. Amy-
loid infiltration of the myocardium can cause sinus node
dysfunction and AV block, leading to chronotropic incom-
petence. This complicates the use of beta-blockers, cal-
cium channel blockers (CCBs), and digoxin, which may
further reduce cardiac output in patients who already rely
on higher resting heart rates to maintain perfusion due to
the restrictive nature of CA. For instance, CCBs can bind to
myocardial amyloid fibrils, potentially leading to enhanced
chronotropic effect [55]. One the other hand, Rubinow et
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al. [56] found that digoxin can bind avidly to amyloid fib-
rils in vitro; hence, increasing the risk of potential toxicity.
Using these agents was reported to worsen the outcomes
due to precipitation of heart failure, hypotension, and pos-
sibly cardiogenic shock [46,49,54]. In line with the current
evidence, Mints et al. [46] found a trend towards worsening
survival outcomes in ATTR amyloidosis patients with AF
who have beenmanaged with rate control vs rhythm control
strategy; though, the difference did not reach the statistical
significance (HR 1.70; p = 0.08).

2.2.1.4 Role of RhythmControl. Given the drawbacks and
associated risks of rate control strategy in CA patients,
many experts may prefer the rhythm control strategy in this
population [49]. On one hand, it can help to avoid the use
of rate control agents. On the other hand, the use of antiar-
rhythmic agents seems to be well tolerated in those patients
and provides significant symptomatic improvement [54]. In
Mints et al.’s study [46], about one-third of ATTR amyloi-
dosis patients were treated with rhythm control strategies,
and amiodarone was the most commonly used agent due to
its tolerability and effectiveness. It’s noteworthy that from
a physiological point of view, the benefit of rhythm control
may be questionable in asymptomatic patients with restric-
tive physiology, as ventricular filling occurs mainly during
early diastole with only negligible effect of atrial contrac-
tion [49]. This highlights the need for further investigation
to decide whether rhythm control strategy should be prior-
itized in this patient population.

2.2.1.5 Role of Catheter Ablation. Data about the safety
and efficacy of catheter ablation in CA patients with AF
are limited. Several small-size studies have reported high
recurrence rates of AF in patients with CA who have been
received catheter ablation [57–59]. Nonetheless, Donnellan
et al. [59] reported that ATTR amyloidosis patients who un-
derwent ablation had lower hospitalizations and mortality
rates when compared to a matched control group of medi-
cally managed patients. Given the available data, catheter
ablation may be a reasonable option in patients who have
contraindications to rate or rhythm control medications or
those who have refractory AF despite medical management
[54].

2.2.1.6 Role of Screening. Given the advanced age of
ATTR amyloidosis patients, high prevalence of AF, and
the importance of early detection in improving patient out-
comes, arrhythmia screening may be warranted. Subclini-
cal AF is common and often detected only via implantable
devices. Routine ECGs and Holter monitoring should be
part of standard follow-up, especially in older adults with
unexplained heart failure, thickened ventricular walls, or
low voltage on ECG. For instance, Routine ambulatory
heart rhythm monitoring has been shown to be effective
in detecting subclinical AF/AFL in patients with ATTR
amyloidosis, which can lead to timely anticoagulation and

potentially reduce the risk of stroke [60]. In a study by
Dale et al. [60], about half of the patients with new on-
set AF were discovered incidentally on ambulatory moni-
toring. Ambulatory monitoring subsequently led to starting
anticoagulation in 82% of these patients with newly inci-
dent AF, and none had a thromboembolic event during fol-
low up [60]. Taken into consideration that anticoagulation
is recommended for AF in CA patients irrespective of the
CHADVASc score due to the high risk of thromboembolic
events, early detection is crucial to allow for timely initia-
tion of anticoagulation and rhythm control, which may de-
crease the risk of stroke and improve clinical outcomes.

3. CA in Clinical Practice: Navigating the
Gray Zones and Phenotypic Challenges
3.1 Thromboembolic and Hemorrhagic Risks in CA: A
Delicate Balance

CA is associated with a unique and paradoxical hemo-
static profile that increases the risk of both thromboembolic
and bleeding complications, as shown in Table 4. While
AF is highly prevalent, especially in ATTR amyloidosis
(~50%), thromboembolic events in CA extend beyond the
presence of arrhythmia. Stroke, systemic embolism, and
intracardiac thrombus formation have been reported even
in patients with sinus rhythm, likely due to atrial mechan-
ical dysfunction, electromechanical dissociation, endothe-
lial damage, and systemic hypercoagulability [49,61].

Atrial amyloid infiltration may result in atrial stand-
still, contributing to stasis in the LAA. Importantly,
thrombi have been detected in the LAA via transesophageal
echocardiography (TEE) even in patients without AF or
with CHA₂DS₂-VASc scores that would not otherwise war-
rant anticoagulation [62]. Donnellan et al. [62] found that
88% of CA patients with LAA thrombi were therapeutically
anticoagulated for at least three weeks prior to TEE, while
another study showed 46% of thrombi were identified de-
spite guideline-based anticoagulation or a recent-onset ar-
rhythmia [62,63]. These findings highlight the inadequacy
of conventional stroke risk stratification tools in this popu-
lation.

As a result, expert consensus suggests a lower thresh-
old for anticoagulation in CA, including patients in si-
nus rhythm with evidence of atrial mechanical dysfunction
[50,54]. Furthermore, TEE prior to cardioversion should be
strongly considered regardless of rhythm duration or anti-
coagulation status [62].

Despite the prothrombotic risk, bleeding complica-
tions are also a major concern in CA. Amyloid deposition
in the vasculature renders vessel walls fragile, increasing
the risk of spontaneous bleeding, petechiae, and pathog-
nomonic findings such as periocular purpura in AL amyloi-
dosis [64,65]. In addition to physical disruption, amyloid
fibrils, particularly in AL, may bind and inactivate clotting
factors, most notably Factor X, leading to acquired coag-
ulopathies [66,67]. Cases of severe hyperfibrinolysis with
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Table 4. Contrasting pathophysiologic mechanisms of bleeding and thromboembolism in cardiac amyloidosis (CA).
Bleeding Mechanisms Thromboembolic Mechanisms

Amyloid angiopathy leads to vascular fragility and spontaneous
bleeding

Atrial electromechanical dissociation causes blood stasis despite si-
nus rhythm

Capillary fragility, especially in mucosal and periorbital regions Atrial fibrillation promotes left atrial appendage thrombus forma-
tion

Factor X deficiency in AL amyloidosis due to hepatic sequestration
or amyloid binding

Dysfunction of the left atrial appendage reduces blood flow velocity
and promotes thrombus

Excessive fibrinolysis due to upregulated uPA expression in AL Atrial dilation and fibrosis support thrombogenesis evenwithout AF
Amyloid infiltration of the GI tract increases mucosal bleeding risk Nephrotic syndrome in AL causes loss of antithrombin and protein

S, increasing coagulability
Anticoagulation-induced bleeding, especially with VKAs Ventricular dysfunction and low cardiac output lead to intracardiac

stasis
Bleeding after minor trauma due to orthostatic falls from autonomic
neuropathy

Atrial standstill results in total atrial dysfunction and high throm-
botic risk even in sinus rhythm

Clinical bleeding with near-normal coagulation parameters (AL-
specific defect)

Light chain-induced endothelial inflammation increases thrombotic
risk

VKA, vitamin K antagonist.

hypofibrinogenemia have also been reported, which may
respond to protease inhibition [64,68].

This dual risk creates significant therapeutic dilem-
mas. Although anticoagulation is empirically beneficial,
reducing stroke and systemic embolism even in high-risk
CA patients (odds ratio for embolism with anticoagulation
~0.09), the risk of major hemorrhage must be managed
carefully [49]. Direct oral anticoagulants (DOACs) have
shown promise in this setting, offering better stroke preven-
tion to warfarin without an increase in bleeding risk. Two
meta-analyses of CA patients treated with DOACs demon-
strated fewer thromboembolic events with no increase in
bleeding complications compared to vitamin K antagonists
[53,69]. This may be attributed to the predictable phar-
macodynamics of DOACs and the avoidance of warfarin-
related vascular calcification, which could worsen amyloid
angiopathy.

In AL amyloidosis, addressing the underlying plasma
cell dyscrasia through chemo-immunotherapy (e.g., pro-
teasome inhibitors, anti-CD38 antibodies) can reduce both
thrombotic and hemorrhagic risks bymitigating the produc-
tion of pathogenic light chains [70,71]. Therefore, early
hematologic control remains central to management.

3.2 Amyloid Heart vs HFpEF
The result of cardiac amyloid deposition is a stiff, re-

strictive cardiomyopathy. The ventricles fill poorly despite
preserved ejection fraction, mimicking HFpEF in symp-
toms and hemodynamics [72]. Patients typically present
with exercise intolerance, dyspnea, and edema, a clinical
picture nearly indistinguishable from ordinary HFpEF [73].
Indeed, wild-type ATTR amyloidosis is now understood
to be an underappreciated cause of HFpEF in the elderly;
post-mortem studies reveal clinically silent ATTR deposits
in ~25% of individuals over 85, and observational cohorts
have confirmed ATTR amyloidosis as an etiologic subset of

HFpEF in older patients [74,75]. This overlap means CA
often goes unrecognized, erroneously ascribed to “garden-
variety” hypertensive HFpEF.

However, several features distinguish amyloid car-
diomyopathy on careful evaluation. Amyloid infiltration
typically produces a disproportionate increase in ventric-
ular wall thickness (often ≥12–15 mm) that, unlike true
hypertrophy, paradoxically accompanies low QRS voltages
on ECG due to electrical insulation by amyloid, a red flag
for infiltrative disease [76]. CA also frequently involves
the atria and conduction system, causing AF, atrioventricu-
lar block, and even atrial standstill, whereas primary HF-
pEF more often has preserved sinus node function until
late [77,78]. Patients with CA may have extracardiac signs
(“amyloid red flags”) such as carpal tunnel syndrome, pe-
ripheral neuropathy, biceps tendon rupture, or periorbital
purpura, which are absent in routine HFpEF [79]. Recog-
nizing these clues is vital and clinicians are urged to screen
for CA in any HFpEF patient with atypical features, as
prompt diagnosis permits timely disease-modifying ther-
apy.

In practice, a combination of advanced imaging
(strain echocardiography showing apical sparing pattern,
technetium-PYP nuclear scintigraphy for ATTR amyloido-
sis, and cardiac MRI with global late gadolinium enhance-
ment), plus tissue biopsy or genetic testing, is used to con-
firm the amyloid etiology in suspected cases. The stakes
of early detection are high as untreated CA has a median
survival often just 2–3 years once heart failure is overt, and
late diagnosis is a major cause of shortened survival [5,18].

3.3 Microvascular Dysfunction: Amyloid’s “Invisible”
Ischemia

A key pathophysiologic intersection between CA and
HFpEF lies in the microvasculature. Both diseases feature
microvascular dysfunction, but the underlying mechanisms
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differ markedly. In HFpEF without amyloid, comorbidi-
ties (hypertension, diabetes, obesity, etc.) drive systemic
inflammation and endothelial dysfunction, leading to de-
creased nitric oxide bioavailability and a cascade of cGMP-
PKG pathway impairment [80–82]. This in turn causes titin
stiffening, diffuse fibrosis, and capillary rarefaction—a pro-
cess that chokes off blood supply in the myocardium. Amy-
loid cardiomyopathy exhibits greater microvascular impair-
ment, but via direct encroachment and toxicity rather than
primarily endothelial inflammation. Amyloid fibrils de-
posit within intramyocardial arterioles and capillary walls,
distorting the architecture and even obliterating small ves-
sels [83,84].

Histologic studies in CA reveal severe capillary rar-
efaction and obstruction of intramural coronary arteries by
amyloid, whereas interstitial fibrosis is relatively mild. Es-
sentially, amyloid replaces what fibrosis and hypertrophy
occupy in other cardiomyopathies [85,86]. In AL amyloi-
dosis, toxic light chains further injure the endothelium and
smooth muscle via oxidative stress, compounding the re-
duction in coronary flow reserve [87]. The net effect is
profound microvascular dysfunction and “supply-demand”
mismatch in the heart. Patients with CA frequently expe-
rience angina or exercise-induced ischemia despite com-
pletely normal epicardial coronaries [80,88].

3.4 Managing the Asymptomatic and the “Pre-CA”
Patient

The paradigm of “early intervention” in CA extends to
those who have not yet developed overt cardiac symptoms.
Thanks to greater awareness and familial screening, clin-
icians are increasingly encountering individuals who are
genotype-positive for hereditary ATTR amyloidosis (AT-
TRv) or have evidence of amyloid deposits but minimal
clinical manifestations [89]. These scenarios pose chal-
lenging questions: when should therapy begin in a con-
dition that is ultimately fatal if left to declare itself? In
hereditary ATTR amyloidosis, once a pathogenic TTR mu-
tation (e.g., Val122Ile or Thr60Ala) is identified in a pa-
tient or relative, guidelines recommend periodic surveil-
lance for disease onset. This typically includes annual or
semiannual evaluations with cardiac biomarkers (troponin,
NT-proBNP), ECG and echocardiography with strain imag-
ing, and perhaps radionuclide scanning, to detect the earli-
est cardiac involvement [90,91].

The goal is to catch the transition from an asymp-
tomatic carrier (Stage 0 ATTR amyloidosis) to early CA
(Stage 1) as soon as it occurs. At that inflection point,
emerging amyloid deposition with maybe mild thicken-
ing or subtle symptom onset, initiating therapy could the-
oretically slow or prevent progression [92]. While no
trial has yet tested prophylactic treatment in truly asymp-
tomatic ATTR mutation carriers, many experts advocate a
low threshold to start a TTR stabilizer once there are ob-
jective signs of cardiac involvement, even if heart failure
symptoms are absent. This proactive approach is supported

by the observation that patients derive far greater benefit
from therapy when started in earlier stages of disease [90].

In the pivotal ATTR-ACT trial, tafamidis given to
ATTR cardiomyopathy patients led to a 30% relative re-
duction inmortality and lower heart failure hospitalizations;
notably, these benefits were most pronounced in those with
mild (NYHA class I–II) symptoms, whereas patients in ad-
vanced (class III) heart failure showed no net hospitaliza-
tion benefit and had worse outcomes if treated late. Early
treatment not only prolongs survival but preserves quality
of life and functional capacity to a far greater extent than
salvage therapy in advanced CA [28].

For asymptomatic mutation carriers, management cur-
rently focuses on close monitoring and timely intervention
at the first sign of organ involvement. Some propose that
TTR stabilizers (like tafamidis or upcoming agents such as
acoramidis) could be started in a “stage 0.5” scenario—
say, a genotype-positive 70-year-old with mild increased
wall thickness and abnormal strain but no heart failure
symptoms—to delay the onset of overt cardiomyopathy
[93]. Such an approach must be weighed against cost and
uncertain long-term benefit, but ongoing studies and real-
world experience will inform the threshold for prophylactic
therapy.

Similarly, in AL amyloidosis, patients with an indo-
lent plasma cell clone (MGUS or smoldering myeloma) and
low-level light chain production might be observed until
biomarkers or imaging suggest early cardiac infiltration, at
which point definitive therapy (chemotherapy and stem-cell
transplant if eligible) is instituted before fulminant AL-CM
ensues [94]. The overarching principle is that CA, once
symptomatic, portends irreversible organ damage, so in-
tercepting the disease earlier can dramatically alter the pa-
tient’s trajectory. This principle is driving efforts to develop
sensitive screening tools (e.g., amyloid-specific PET trac-
ers, advanced echocardiographic strain and electrocardio-
gram algorithms) to detect “amyloid in the wild” well be-
fore heart failure develops [95,96]. It also raises ethical and
logistical considerations: how to surveil at-risk individuals
longitudinally, how to communicate risk, and when the ben-
efits of early therapy outweigh the risks and costs. Multidis-
ciplinary amyloidosis centers now often convene genotype-
positive clinics for mutation carriers, where patients receive
education, baseline testing, and a tailored follow-up plan
[97]. This approach will likely become standard as our abil-
ity to identify preclinical CA grows.

3.5 Common Clinical Scenarios of Incidental CA

CA often presents with nonspecific cardiovascular
symptoms and is frequently misdiagnosed as more common
conditions until further diagnostic evaluation is prompted
by unresponsiveness to standard therapies. A classic clin-
ical scenario involves patients who present with signs and
symptoms of heart failure—such as exertional dyspnea, fa-
tigue, peripheral edema, and fluid retention—yet demon-
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strate poor or absent response to guideline-directed medi-
cal therapy. This lack of improvement typically prompts
advanced cardiac evaluation, which may reveal infiltrative
cardiomyopathy due to CA [13]. Another common pre-
sentation is exertional chest pain in the context of normal
coronary angiography, initially managed as microvascu-
lar angina or Syndrome X. Persistence of symptoms de-
spite treatment, especially when accompanied by restric-
tive features on echocardiography or cardiac magnetic reso-
nance imaging (MRI), may raise suspicion for amyloid in-
filtration. Such cases underscore the importance of con-
sidering CA in the differential diagnosis of angina with
non-obstructive coronary arteries [98–101]. Arrhythmias
and conduction system abnormalities are also common ini-
tial manifestations. Patients may present with AF, brad-
yarrhythmias, or varying degrees of heart block that are
refractory to conventional therapies. Progression of con-
duction disturbances, especially in the absence of structural
abnormalities commonly associated with such rhythms,
should prompt consideration of CA as an underlying eti-
ology [102,103].

Additionally, patients with increased left ventricular
(LV) wall thickness on echocardiography are frequently
misdiagnosed with hypertrophic cardiomyopathy (HCM)
or hypertensive heart disease. However, a discrepancy
between marked LV hypertrophy and low QRS voltages
on ECG, as well as poor response to treatment, should
alert clinicians to the possibility of amyloid cardiomyopa-
thy [104].

In patients with longstanding hypertension who
present with heart failure symptoms and echocardiographic
evidence of LV hypertrophy, CA should be considered
when there is a suboptimal response to optimized antihy-
pertensive and heart failure therapies. The presence of low
ECG voltages, a restrictive filling pattern on Doppler imag-
ing, or disproportionate wall thickening further supports
this suspicion [76,105].

Extra-cardiac manifestations may also serve as early
indicators of amyloidosis. A history of bilateral carpal
tunnel syndrome, lumbar spinal stenosis, or spontaneous
biceps tendon rupture, particularly in elderly individuals,
should prompt evaluation for transthyretin amyloidosis, es-
pecially when cardiac symptoms emerge later in the disease
course [106,107].

Finally, in patients diagnosed with HFpEF who fail
to improve with conventional therapies, further evaluation
for infiltrative diseases is warranted. In this context, CA
should be suspected, and diagnostic confirmation can often
be achieved using bone scintigraphy (e.g., 99mTc-PYP) or
endomyocardial biopsy [108,109].

3.6 Financial Toxicity and Cost-related Challenges

The treatment of ATTRCAhas advanced significantly
with the approval of tafamidis in 2019, the first pharmaco-
logic agent shown to reduce all-cause mortality and cardio-

vascular hospitalizations in this population. Despite its clin-
ical benefits, tafamidis entered themarket with a prohibitive
list price of approximately $225,000 per patient per year,
making it one of the most expensive cardiovascular drugs
ever approved. This high cost has raised substantial con-
cerns regarding financial toxicity, cost-effectiveness, and
equitable access to care.

Health economic evaluations have demonstrated that
tafamidis, at its current price, fails to meet standard cost-
effectiveness thresholds. A cost-effectiveness analysis es-
timated that the drug’s annual cost would need to be re-
duced bymore than 90%, to about $16,000, to be considered
cost-effective based on a $100,000 per quality-adjusted life
year (QALY) threshold. The burden of this cost is particu-
larly impactful in the elderly population typically affected
by ATTR amyloidosis, many of whom rely on Medicare or
fixed incomes. As a result, patients often face high out-of-
pocket expenses and may be forced to choose between ac-
cessing life-prolonging therapy and maintaining financial
stability [110].

In real-world practice, the high cost of tafamidis has
led to insurance-related delays, denials, and treatment dis-
continuation due to unaffordable copayments. These ac-
cess barriers risk exacerbating healthcare disparities un-
less mitigated by policy reforms or pricing adjustments.
From a system-wide perspective, this financial challenge
underscores the importance of early diagnosis and interven-
tion. Clinical and economic models indicate that initiating
tafamidis in early-stage ATTR amyloidosis (Stage I or II)
improves both survival and the cost-effectiveness of screen-
ing and therapy by delaying heart failure progression and
reducing hospitalizations. Conversely, late-stage use yields
limited benefit and poor value, particularly in the setting of
irreversible myocardial damage [110–112].

Future cost-containment strategies may include
broader adoption of lower-cost alternatives such as diflu-
nisal or acoramidis, and policy solutions like Medicare
drug price negotiations or value-based pricing models.
Until such measures are implemented, clinicians must
advocate for early identification of eligible patients and
judicious use of high-cost therapies to maximize clinical
benefit while mitigating financial harm.

4. Conclusion
CA presents with protean clinical features that mimic

or overlap with more familiar entities like HFpEF, aor-
tic stenosis, and age-related conduction disorders. This
phenotypic camouflage often delays diagnosis and impairs
timely intervention. However, the growing availability
of advanced imaging, molecular diagnostics, and subtype-
specific therapies hasmade early and accurate identification
more feasible and more impactful than ever before.

This review has highlighted key aspects of CA in real-
world practice, from red flag signs and microvascular dys-
function to valvular involvement and arrhythmic compli-
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cations. It has emphasized that amyloid deposition does
not merely stiffen the myocardium but also alters atrial and
valvular function, complicating hemodynamics and thera-
peutic choices. The high incidence of AF and thromboem-
bolic events, sometimes even in sinus rhythm, underscores
the inadequacy of traditional risk scores in this population
and calls for a tailored anticoagulation strategy.

Staging systems now inform prognosis and therapy se-
lection, yet they remain imperfect, particularly when ex-
trapolated across amyloid subtypes. Similarly, therapeu-
tic breakthroughs like tafamidis have reshaped manage-
ment, but their cost poses barriers that reinforce the ur-
gency of early-stage treatment and careful resource alloca-
tion. Screening of high-risk groups, including those with
carpal tunnel syndrome, aortic stenosis, or plasma cell dis-
orders, offers a pathway to detect CA before irreversible
organ damage occurs.

Ultimately, effective management of CA requires a
multidisciplinary approach grounded in early suspicion,
accurate diagnosis, and equitable access to therapy. As
the field evolves, this alignment of clinical vigilance, tar-
geted intervention, and health system integration holds the
promise of significantly improved outcomes.

5. Limitations
This study has a few important limitations. Much of

the evidence referenced is based on retrospective or obser-
vational data, limiting causal interpretation. The hetero-
geneity of CA, particularly between AL and ATTR amy-
loidosis subtypes, complicates the application of uniform
screening or staging strategies. Additionally, while we in-
corporated up-to-date literature, emerging diagnostics or
therapies may not be fully addressed.

Finally, AI tools including ChatGPT-4o (OpenAI),
QuillBot, Grammarly, and EndNote were used to support
grammar and structure, but all scientific interpretations and
content were independently written and reviewed by the au-
thors, who take full responsibility for the manuscript’s ac-
curacy and integrity.
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