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Abstract

Transthyretin amyloidosis (ATTR) manifests as wild-type (ATTRwt) and hereditary/mutant (ATTRv) forms and can
lead to heart failure due to cardiac amyloidopathy. Diagnosing ATTR, particularly in asymptomatic carriers of
pathogenic variants, remains challenging despite the advances. Complex and multi-aspect management involves
a limited range of well-examined conventional therapies to address the heart failure and frequently coexisting
arrhythmias and valvular issues. Disease-modifying treatment, RNA-based treatments, CRISPR-Cas9 gene editing
and monoclonal antibodies targeting amyloid deposits are recent and promising innovations. This review explo-
res the diagnostic intricacies, therapeutic dilemmas and emerging solutions in ATTR cardiomyopathy. The signifi-
cance of early detection and precise, targeted approaches to enhance patient outcomes is underscored.
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Introduction

Amyloidosis is a diverse group of diseases whose patho-
genesis involves the deposition of insoluble protein deposits
of various origins that impair the function of internal organs,
including the heart. Vast majority (95%) of cardiac amyloidosis
(CA) cases are light chain amyloidosis (AL) and transthyretin
amyloidosis (ATTR) [1]. These are rare diseases, but their es-
timated prevalence in the European population is 3/1000 [2]
and in recent years the incidence of ATTR-CA has increased
several-fold [3] and might be underestimated [4-5]. Transthy-
retin (TTR) is a protein produced in the liver, involved in the
transport of thyroid hormones and vitamin A in the blood, its
defective spatial conformation causes the formation of de-
posits in ATTR.

ATTR is divided into the wild type (ATTRwt) associated
with aging and the mutant or hereditary type (ATTRv), which
is characterized by a single amino acid substitution in the
chain of 127 amino acids that make up the protein. It can oc-
cur familially, although up to 50% of patients with this type
have no confirmed cases among relatives [6-7].

ATTRv with polyneuropathy is estimated to affect 5000-
-10000 people worldwide [8]. It can be divided into late-onset
(after age 50) and early-onset ATTRy, the former of which is
usually sporadic and has a more aggressive course with pre-
dominant peripheral neuropathy [9]. More than 130 patho-
genic variants of TTR are known [6]. Some variants (e.g. p.Le-
ul31Met) manifest complete penetrance in a specific age
range, but most have incomplete penetrance [3, 10] and the
chance of revealing clinical features increases with age [11].
The most common variant is p.V142l — named after the ami-
no acid substitution site. Carriers of this mutation are 3-4% of
the global population of African ancestry and in the United
States it may account for about 23% of ATTR-CA cases [12].
Therefore, it is suspected that it may be a founder mutation or
codon 142 could be a mutational hotspot [3, 13]. In European
population-based studies, the frequency of the mutant type
among patients with ATTR-CA was just a few percent [3, 13].
Most patients with ATTRv were of African and Caribbean de-
scent and usually carried the p.V142| mutation [13-14].

The hereditary form of ATTR is distinguished by the onset
of symptoms at a younger age [3] and usually a co-occurrence
of cardiac and neurological symptoms [15]. At the same time,
the occurrence of ATTRv is associated with increased mor-
tality and a more severe course of the disease [16]. Hence,
genetic screening tests for ATTRv have been advocated for all
patients with a diagnosis of ATTR and genetic testing was in-
cluded in the diagnostic protocol for hypertrophic cardiomyo-
pathy [17-18], whose clinical picture may resemble ATTR-CA.

Wild-type ATTR is more common and associated with ag-
ing, usually affecting white males around the age of 80, hence
it is sometimes called “senile amyloidosis.” Cardiac manifesta-

tion (restrictive cardiomyopathy with diastolic heart failure) in
this type of AL is often overlooked and underestimated due to
the overlap of concomitant diseases in this age group, e.g. hy-
pertension, valvular defects, heart failure (HF) due to ischemic
disease, hypertrophic cardiomyopathy. ATTR-CA was detected
in about 13% of patients hospitalized with HFpEF (heart failure
with preserved ejection fraction) and about 16% with severe
aortic stenosis undergoing transcatheter aortic valve implan-
tation (TAVI) [6, 19]. Diagnostic vigilance should be increased
when other systemic manifestations of amyloidosis occur,
often preceding cardiac involvement by several years [20],
e.g. carpal tunnel syndrome (almost always bilateral), spinal
canal stenosis or rupture of the biceps tendon [5-6].

The aim of our study was to explore the diagnostic intri-
cacies, therapeutic dilemmas, and emerging solutions in ATTR
cardiomyopathy, underscoring the significance of early de-
tection and precise, targeted approaches to enhance patient
outcomes.

Materials and methods

A comprehensive literature search in PubMed and Google
Scholar was conducted to identify relevant studies pertaining
to ATTR cardiomyopathy. The search was performed using
electronic databases including. The following search terms

”

were used: “ATTR cardiomyopathy,” “transthyretin,” “diag-

” ”

amyloidosis,” “treatment

” o
’

genetic mutations,” and
“clinical trials” and their equivalents in Polish. The search was

nosis,

limited to articles published in English and Polish. Studies
were included if they focused on any aspect of ATTR cardi-
omyopathy, including its pathophysiology, clinical manifesta-
tions, diagnosis, treatment modalities, genetic mutations and
recent advances. Both human and animal studies were con-
sidered. After excluding 57 abstracts that were duplicated or
not directly related to ATTR cardiomyopathy or amyloidosis,
a total of 93 reviews, case reports, original research articles
and clinical trials were included in this review.

Results and discussion

Pathogenesis of myocardial damage

Deposition of TTR occurs most often interstitially (around
the myocytes) and leads to restrictive cardiomyopathy (due
to increased stiffness and thickness of both chambers of the
heart) [4]. If the deposits are more intramural, occupying the
interventricular or interatrial septum, they may also cause
features of hypertrophic cardiomyopathy, ultimately leading
to HFpEF [15]. Due to low wall compliance, relatively higher



incoming blood pressure is needed to fill the ventricles, lead-
ing to left ventricular (LV) diastolic failure [21]. During the
progression of the disease, stroke volume, compliance and
minute volume gradually decrease [6], resulting in increased
mortality [22]. Furthermore, there is laboratory evidence that
TTR oligomers induce specific cellular abnormalities to the
cultured cardiomyocytes leading to reduction in their survival
time and may lead to alterations within the electrical function
of cardiomyocytes resulting in arrhythmias [23].

Cardiac involvement at diagnosis is usually asymptomatic.
The first symptoms of the disease are nonspecific, therefore
can contribute to misdiagnosis e.g. exertional dyspnea and
atrial fibrillation (with possible embolic complications) lower
limb edema and ascites [4-5].

Atrial fibrillation

The most common persistent arrhythmia in ATTR-CA is
atrial fibrillation (AF) [6]. It is more common in ATTRwt (inci-
dence 27-71%) than in ATTRv (5-28%) [24] and is character-
ized by a higher propensity for thrombosis than in the general
population. Up to about 30% of the patients had a cardiac
thrombus [25] of which up to 87% were taking anticoagulants,
thus marginalizing the role of the CHA2DS2-VASc score in this
group of patients [26] and suggesting the use of systemic an-
ticoagulation in all cases of AF in ATTR-CA. Also, patients with
preserved sinus rhythm in ATTR-CA have a higher risk of em-
bolization due to impaired left atrial function [4, 27].

No differences in survival have been demonstrated be-
tween patients with pharmacologically restored sinus rhythm
(amiodarone) and those treated according to the heart rate
(HR) control strategy [28]. Sinus rhythm restoration and ab-
lation are more effective when used in the initial phase of
the CA [29-30]. Despite the efficacy of cardioversion being
comparable to other groups, the rate of AF recurrence after
one year in this group of patients is high [31]. Also, recurrenc-
es after ablation are common (58% recurrence rate after 39
months) [29].

Regarding HR rate control strategy, cautious use of beta-
-blockers in persistent AF or non-dihydropyridine calcium
channel blockers is recommended at the lowest possible dose
and with frequent monitoring of the patient’s condition due
to the risk of hypotension and potential enhancement of am-
yloid accumulation [24]. A possible alternative in patients at
high risk of hypotension is digoxin [32]. It should be remem-
bered that the use of digoxin and calcium blockers is contrain-
dicated if the LV outflow tract is narrowing in the course of
hypertrophic cardiomyopathy.
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Bradyarrhythmias

Amyloid deposition can cause conduction system dysfunc-
tion, ranging from atrio-ventricular (A-V) block I° (20%) to III°.
Since left bundle branch block and complete heart block are
more common in ATTR-CA than in AL-CA [4], pacemakers are
routinely implanted in ATTRwt, but it has proven reasonable
to implant them also in patients with familial amyloidosis who
have a high risk of A-V block: bundle-branch His-ventricu-
lar (HV) interval = 70 ms, HV interval > 55 ms (if associated
with bundle-branch block), Wenckebach point < 100 beats/
min [33]. In patients with particularly high pacing rates, who
are at risk of pacing-induced cardiomyopathy [34] (which
would worsen HF), cardiac resynchronisation therapy implan-
tation can reduce HF symptoms while increasing left ventricu-
lar ejection fraction (LVEF) and survival [35].

Ventricular tachycardias

Cardiac death in the setting of ATTR-CA is rare [6]. Im-
plantable cardioverter-defibrillator (ICD) implantation should
be considered in patients with syncope and complex non-
fixed ventricular arrhythmias [36], although many reports
do not demonstrate increased survival compared with CA
patients without ICDs [24]. The European Society of Cardi-
ology (ESC) recommendations state that there is insufficient
evidence for the efficacy of ICD use in the primary prevention
of sudden cardiac death in CA [37]. The decision about ICD
implantation should be made individually for every patient,
particularly in patients with syncope of unknown origin and
suspected proarrhythmogenic state [38].

Valvular diseases

Aortic stenosis often co-occurs with ATTR-CA, particular-
ly in older men, who are at risk for both diseases. The best
treatment option is TAVI, which has a lower procedural risk
than traditional surgical valve replacement (AVR) [19, 39]. Un-
fortunately, patients with CA after TAVI have a higher risk of
hospitalization for HF [40] and an almost 2 times higher risk
of death within 1.7 years compared to patients without addi-
tional burden [19].

Mitral and tricuspid valves are typically involved in AT-
TR-CA, often thickened and remodeled together with the
interatrial septum [41], however the valve disease is most
often hemodynamically insignificant. In a study of tissues
obtained during mitral valve surgery, < 1% showed coexist-
ence of ATTR-CA (more often ATTRwt type) [42]. In studies of
small groups, percutaneous surgery was not associated with
an increased risk of complications in these patients [43]. Not-
withstanding, the importance of corrective interventions for
tricuspid regurgitation is controversial, as it appears to be sec-
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ondary to RV remodeling rather than resulting from primary
valve dysfunction [44].

Transplantation as a therapeutic option

The majority of plasma TTR is synthesized in the liver,
making orthotopic liver transplantation (OLT) a treatment
option for TTR amyloidosis to halt the production of variant
TTR in the blood. This procedure was reported beneficial for
patients with the Val30Met mutation and neuropathy, par-
ticularly when qualified for the procedure in well-nourished
state, early-stage and early-onset of the disease. Howev-
er, clinical reports have indicated that cardiomyopathy and
neuropathy can still progress in patients with TTR mutations
other than Val30Met, as well as in some Val30Met patients
following OLT. This information suggests that even after OLT,
wild-type TTR produced by the new liver can still accumulate
in the heart as amyloid. In cases where a patient undergoes
combined heart and liver transplantation, amyloid deposition
in the heart graft typically does not occur. However, there
have been observations of progression of amyloid deposition
in other organ systems following this procedure, making the
genetic screening important prognostic tool for identification
of higher risk patients with TTRwt mutation [33, 45-46].

Disease-modifying treatment

The latest treatment strategies for ATTR-CA are based on
two mechanisms: spatial stabilization of TTR and silencing
of the genes responsible for its production [47]. The group
of stabilizing drugs includes Diflunisal, Tafamidis and Acora-
midis. The former is a non-steroidal anti-inflammatory drug
that binds to the tetraiodothyronine binding site on the TTR
tetramer, thereby limiting its abnormal folding into amyloid
by slowing its dissociation time. When used at a low dose
(250 mg twice daily), it is usually well tolerated and results
in slowing the progression of HF in ATTR-CA [48]. Tafamidis
is a benzoxazole derivative, used in oral form, that reduces
all-cause mortality by 13.4% and the risk of hospitalization for
cardiovascular reasons in patients in the New York Heart As-
sociation (NYHA) Classification class | or Il by 32% at 30-month
follow-up. The greatest mortality reduction benefit was
demonstrated at 18 months after treatment implementation.
Unfortunately, patients in NYHA class Il showed an increased
risk of hospitalization compared to placebo, while other side
effects were not observed [49-50]. In preclinical trials there is
also Acoramidis, which resembles in structure the p.T139M
variant of TTR, which in patients who are heterozygotes for
the p.V50M showed a protective effect and prevented familial
amyloid polyneuropathy [51]. It seems that it could be more
effective than the above-mentioned drugs, because it binds

TTR in a more selective manner, provides stronger stabiliza-
tion of both the p.V142I TTR variant and TTRwt [52].

Two genetic methods of silencing TTR production are
available: antisense oligonucleotides (ASOs) and short inter-
fering RNAs (siRNAs). The ASOs bind to proteins in the serum,
on the cell surface and in its interior, where they start a chain
of messenger ribonucleic acid (mRNA) degradation by incor-
poration with the target mRNA in the nucleus and activation
of endonucleases [53]. Examples of ASOs include Inotersen
and AKCEA-TTR-LRx. The former, which is a first-generation
drug administered by weekly subcutaneous injections, stabi-
lizes neuropathy and improves quality of life in ATTRv patients
with polyneuropathy, regardless of myocardial involvement.
As for the effect on the heart, during the 2-year follow-up an
improvement in exercise tolerance in the 6-minute walk test
by 20.2 meters and a decrease in mean LV mass in cardiac mag-
netic resonance (CMR) imaging by 8.4% were observed, and
these positive results persisted after another year of follow-
-up [54]. However, the side effects of this drug require expand-
ed studies, as it has been shown that it can induce glomeru-
lonephritis and severe thrombocytopenia (PLT < 25,000/mL)
in up to 6% of subjects [55], while the NEURO-TTR study
(NCT01737398) did not confirm these reports and tolerability
in the study group was good. AKCEA-TTR-LRx, on the other
hand, is a second-generation drug, which in a phase 1 study
(NCT03728634) proved more effective in lowering serum TTR
levels by 85.7% (51-fold higher efficacy with 27-fold lower
drug dose), what’s more, it can be administered by monthly
subcutaneous injections and so far has not shown serious side
effects [56].

The siRNAs are double-stranded oligonucleotides with
a sense strand acting as a drug carrier and an antisense
strand constituting the active molecule. The antisense strand
binds to the target sequence present in all types of ATTR and
forms a complex that silences the gene sequence in the pro-
cess of RNA interference with subsequent degradation of
TTR mRNA in the liver and reduction of TTR concentration
in plasma [33, 53]. The first generation of siRNAs is Patisir-
an, which reduces TTR levels in both wild-type and mutant
ATTR [57]. Clinical benefits achieved after 18 months of use
include reduced NT-proBNP, global longitudinal strain (GLS)
and mean LV wall thickness, in addition to a 46% reduction
in hospitalization and all-cause mortality compared with the
placebo group. Unfortunately Patisiran has not been ap-
proved for the treatment ATTR-CA, because it has not yet
been shown to influence cardiovascular outcomes in the
other studies [58]. The second-generation drug in this group
is Vutrisiran, which in the long-term (for 90 days) reduced
TTR levels by 83% 6 weeks after use in phase 3 clinical trials
(NCT04153149 and NCT03759379) which will be completed in
December 2026 [59].



In 2018, the United States Food and Drug
Administration approved both Patisiran and
Inotersen for the treatment of genetically me-
diated ATTR polyneuropathy. Initial data from
the studies mentioned above, were obtained
from patients with ATTR polyneuropathy who
also had symptoms of cardiomyopathy, suggest
that we may expect equally beneficial treatment
effects in patients with ATTR-related heart dis-
ease. Consequently, studies of both drugs are
ongoing in phase 3 clinical trials in the popula-
tion of patients with ATTR-related heart disease.
Tafamidis is the first and so far the only drug
with documented efficacy in a randomized study
for treating ATTR-related heart disease. In the
2021 ESC guidelines regarding the diagnosis and
treatment of acute and chronic HF, Tafamidis is
designated as a Class | medication for ATTR-CA.
Inotersen and Patisiran are recommended for
consideration in cases of genetically mediated
ATTR polyneuropathy [60].

Diagnostic problems

Since ATTR-CA manifests late, usually already
in the advanced stage of HF, when treatment is
no longer effective, much emphasis is placed on
diagnostic possibilities in asymptomatic patients
from at-risk groups (e.g. carriers of pathogen-
ic variants with incomplete penetrance [6]) or
in the early stage of the disease. As described
above, some extracardiac manifestations of ATTR
can be helpful in guiding towards the appropri-
ate diagnostic pathway for CA, but there are oth-
er symptoms that can serve as “red flags” for the
diagnosis of ATTR-CA: intolerance to beta-block-
ers or angiotensin-converting-enzyme inhibitors
(ACEls), low or normal blood pressure in hyper-
tensive patients, a new diagnosis of hypertrophic
cardiomyopathy or aortic stenosis with low flow
and gradient in an elderly patient [4] (Figure 1).
Recent studies have proven both the positive and
the negative predictive value of some of the pa-
rameters mentioned and proposed the T-TAMYLO
scale simplifying the diagnostic process of AT-
TR-CA by identifying high-risk patients requiring
further diagnostics and allowing ATTR-CA to be
excluded in up to 30% of suspected patients with
LV hypertrophy without the need for performing
additional imaging tests (Figure 2). This seems
to be a step towards non-invasive screening of
patients at risk [40]. Known markers of HF, e.g.
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1. Neuropathic pain of unknown origin

2. New diagnosis of hypertrophic cardiomyopathy (or aortic stenosis) with
low flow and pressure gradient in an elderly patient

3. Postural hypotension (sometimes combined with erectile dysfunction)
due to autonomic neuropathy

4. Hypertensive cardiomyopathy with normal blood pressure and no valve
abnormalities

5. Difficulty tolerating B-blockers or ACE -inhibitors

6. Deposits in the vitreous body

7. Enlarged tongue

8. Periorbital purpura

Figure 1. “Red flags” suggesting the diagnosis of ATTR-CA
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Figure 2. Simplified ATTR-CA diagnostic algorithm
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Ventricular wall thickness ( > 12 mm) with reduced fractional
shortening ( < 30%) in the absence of any other plausible causes of
LV hypertrophy

Early diastolic dysfunction

Low myocardial tissue velocities

Atrial enlargement and dysfunction

Thickened valves

Pericardial effusion

R E AN R

Reduced LV systolic thickening and cardiac output with
normal or small cavity size or signs of raised filling pressures

7. Right ventricular and interatrial septal thickening

8. Decrease in tricuspid annular plane systolic excursion

9. Decreased tissue Doppler systolic velocity and longitudina
strain despite generally maintained normal ejection fraction
and radial shortening

Figure 3. Echocardiographic parameters of ATTR amyloidosis

troponins (cTn) or N-terminal prohormone of brain natriuretic
peptide, can be helpful for staging assessment and have been
included in the new ATTR staging guideline [16], but do not
identify asymptomatic carriers of TTRv in whom they tend to
remain normal [61].

Adipose tissue biopsy can be used as an adjunct method
in the diagnosis of ATTR-CA, but this method is invasive, has
limitations related to the diverse localization of amyloid and
does not definitively determine the etiology of CA [62].

The electrocardiogram (ECG) has negligible diagnostic [63]
and prognostic value [6] in ATTR-CA, although low refractive
voltages with increased LV wall thickness may suggest amyloi-
dosis, which is more characteristic of AL-CA [64].

Echocardiography (echo) with Doppler assessment of my-
ocardial strain is currently the leading method for assessing
the progression and diagnosis of ATTR-CA even though it is
not sufficient to alone diagnose CA [11, 65]. Some authors
suggest over-reliance on planar imaging (echo, CMR), particu-
larly in the context of asymptomatic patients in whom cardiac
lesions may not be present or detectable [65]. Although no
formal system for evaluating echocardiographic parameters
in ATTR-CA has been established and lesions do not clearly
distinguish ATTR from AL [6], several useful negative prognos-
tic parameters have been identified. Of particular diagnostic
importance is typical ventricular wall thickness (> 12mm)
with reduced fractional shortening (< 30%) in the absence of
any other plausible causes of LV hypertrophy [66] leading to
early diastolic dysfunction with low myocardial tissue veloc-
ities. Other suggestive features are biatrial enlargement and
dysfunction, thickened valves, pericardial effusion, reduced
LV systolic thickening and reduced cardiac output with normal

or small cavity size or signs of increased filling pressures
(Figure 3).

The right ventricle is commonly influenced by both
the direct presence of amyloid in its tissue and the in-
creased pressure from pulmonary hypertension, leading
to right ventricular and interatrial septal thickening, a de-
crease in all 3 parameters: TAPSE, tissue Doppler systolic
velocity and LS, of which decreased LS is most typical fea-
ture of CA in a tissue Doppler imaging. Despite these devi-
ations ejection fraction is generally maintained and there
are no variations in radial shortening [65]. In both AL-CA
and ATTR-CA, despite preserved LVEF, there is an early
reduction of LS in the basal and middle segments of the
heart cavity with typical sparing of the apex, which is not
present in other causes of increased LV wall thickness [4].
Based on this feature, an equation was developed to dis-
tinguish ATTR-CA:

mean LS of the apex

(mean LS of the base + LS of the center of the left ventricle)

a result of 1.0 is the cutoff value for ATTR-CA [67]. To increase
specificity, a multi-parameter diagnosic criteria has been
proposed that includes, in addition to GLS with typical apical
sparing and relative wall thickness, TAPSE and ratio between
early mitral inflow velocity and mitral annular early diastolic
velocity (E/E’) assessment [4].

CMR is a useful adjunct method to echo, in which the
most diagnostically relevant is late subendocardial gadolini-
um enhancement (LGE) indicative of amyloid deposits that in-
crease extracellular volume [65, 68]. CMR with LGE has a 93%
sensitivity in detecting CA, but does not differentiate AL from
ATTR-CA. Myocardial T1 mapping, a pixel-based reconstruc-
tion of measured longitudinal relaxation times, supplements
the use of LGE in diagnosing CA via CMR. Besides its diagnostic
usefulness, it can be utilized for monitoring and tracking my-
ocardial amyloid infiltration and thus disease severity. Unlike
LGE, native myocardial T1 (a measure of T1 time before the
administration of contrast) offers an objective quantitative
measurement rather than a subjective qualitative one. Native
T1 demonstrates similar diagnostic performance in both AL
and ATTR CA, often showing elevation in the early stages of
CA before the onset of biventricular thickening or detectable
LGE [69].

In AL-CA, testing for free light chains in serum is a highly
sensitive biomarker, however at this time there are no tests
based on TTR oligomer blood levels. However, high free light
chain concentration might not be specific for AL-CA, particu-
larly in patients over 65 years of age. Monoclonal gammopa-
thy of undetermined significance (MGUS) affects up to 5% of
people in this age group, potentially leading to misdiagnosis
with ATTR-CA. Also, in chronic kidney disease, increased free



light chains from impaired renal filtration might mask AT-
TR-CA. Coming back to TTR, its normal range in the serum is
18-45mg/dl and depends on age, sex, ethnicity and nutritional
status. It can also vary due to infectious processes and inflam-
matory states (it correlated with c-reactive protein, sedimen-
tation rate, albumin levels). More importantly, regardless of
these factors, lower levels of TTR have been shown to be as-
sociated with increased mortality and worsening cardiac func-
tion in ATTRwt suggesting that it can be useful as disease pro-
gression indicator. In the same study 1- and 2-year follow-up
was conducted in which the comparison was made between
patients treated and not treated with diflunisal. Unchanged
TTR in the not treated group corresponded with increased
cTn-I (cardiac troponin |) and decreased LVEF [4, 70-71].

Differentiation with AL-CA

In the entire initial diagnostic process of CA, it is crucial
to consider its most common subtype (70-80%), which is AL.
This is particularly important due to the difficulty (or rather
the inability) to differentiate it from ATTR-CA in basic imaging
studies such as echo or CMR, as mentioned earlier. The mis-
diagnosis rates between hereditary TTR and AL amyloidosis
can reach 7%, with the catastrophic possibility of performing
a bone marrow transplant instead of an OLT or vice versa. Fur-
thermore, the course of AL is more aggressive, with a median
survival of < 6 months in untreated symptomatic patients,
compared to 2-6 years in ATTR-CA [72].

The faster progression of AL amyloidosis may result from
the proven cytotoxic effects of human amyloidogenic light-
chain oligomers. Accumulation of these oligomers in the
cardiac muscle leads to impaired cardiomyocyte contractility
through oxidative stress. This has been confirmed in a study
comparing AL-CA, ATTRwt-CA and ATTRv-CA, where despite
lower amyloid accumulation in the LV wall measured using
LGE in AL patients, similar decreases in LS and overall greater
impairment of LV function were observed compared to pa-
tients with higher LGE in the TTR mutation groups. Early iden-
tification of patients with AL amyloidosis is also essential for
initiating treatment, which is more readily available and can
significantly help a large proportion of patients, unlike in the
case of ATTR-CA, where drugs are still in the research phase
and the therapeutic path is not as clearly defined [73].

Currently, a diagnostic protocol based on single-photon
emission computed tomography (SPECT) with both 99mTc-
PYP and 99mTc-DPD is used for non-invasive differentiation of
these two diseases. This imaging has a 99% negative predic-
tive value and 86% positive predictive value. The lower spec-
ificity was associated with slight tracer uptake in individuals
with AL, hence a combination of this method with immunofix-
ation of monoclonal protein in blood or urine was proposed,
raising the specificity to 100%. Additionally, a 4-point scale
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based on visual marker assessment in bone, heart, and soft
tissues has been introduced to facilitate the description of the
SPECT imaging [74].

Conventional histopathology and amyloid typing are still
necessary in cases of uncertainty (e.g., suspicion of MGUS or
chronic kidney disease coexisting with ATTR-CA, overlapping
characteristic clinical features of both CA subtypes) despite
the methods used or their inaccessibility. The highest sensitiv-
ity is seen with kidney or liver biopsies (90%). Other less inva-
sive procedures perform worse, for example biopsies of skin
(70-80%), abdominal fat tissue (60-80%), rectum (50-70%) or
bone marrow (50-60%). The biopsy of abdominal fat tissue is
often preferred for screening due to its high availability and
ease of procedure when more accurate methods are not ac-
cessible. Endomyocardial biopsy, which carries greater risks, is
reserved for heart-related angiography or suspected cases of
isolated CA. If an endomyocardial biopsy does not reveal the
characteristic microscopic pattern, it can help rule out heart
involvement in amyloidosis. In that cases TTR amyloidosis is
diagnosed by identifying a TTR gene mutation, along with
Congo red staining and anti-TTR antibody labeling of an endo-
myocardial or extracardiac biopsy sample. Whereas, diagnosis
of AL amyloidosis involves detecting high levels of monoclonal
protein in serum and/or urine, along with Congo red staining
and labeling with specific anti-k or anti-I light-chain antibod-
ies on an endomyocardial or extracardiac biopsy. TTRwt amy-
loidosis is diagnosed when an endomyocardial biopsy shows
both red Congo staining and labeling with anti-TTR antibodies,
or positive staining on an extracardiac biopsy associated with
significant cardiac uptake of technetium 99 bisphosphonate
during scintigraphy in the absence of any TTR mutation [75].

Possibilities of rapid diagnosis of asymp-
tomatic patients

As for the timing of screening, it is recommended to start
screening 10 years before the estimated age of onset of symp-
toms (the estimate takes into account the typical age of onset
of ATTR-CA and the age of diagnosis of ATTR-CA in the fami-
ly) [76]. ATTR-CA is the only form of CA in which the diagno-
sis can be made non-invasively [8]. At this point, the most
sensitive screening test is cardiac scintigraphy (SPECT) with
tracers such as 99mTechnetium-pyrophosphate (99mTc-PYP),
99mTechnetium-3,3-diphosphono-1,2-propanodicarboxylic
(99mTc-DPD), 99mTechnetium hydroxymethylene diphos-
phonate (99mTc-HMDP), in which tracer uptake has been
observed in asymptomatic patients [77-78]. The method has
proven sensitive and has made it possible to distinguish AL-CA
from ATTR-CA, as uptake is almost non-existent in the former
[39], although it is not completely specific for ATTR-CA [79].
According to the algorithm for non-invasive diagnosis of am-
yloidosis, the absence of clonal proliferation along with high
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99mTc-PYP/DPD/HMDP uptake in SPECT suggests ATTR-CA
with high probability, without the need for endomyocardial
biopsy [80].

Another imaging study to identify asymptomatic patients
is CMR with LGE, which can show characteristic deposits even
before the thickening of the ventricular wall. Combining this
method with T1-mapping imaging [81] and extracellular vol-
ume measurements can identify patients at risk of developing
ATTR-CA with 80-93% sensitivity and specificity [82-83].

The role of genetic testing in identifying pre-penetration
carriers of TTR variants cannot be overlooked [84]. If detec-
tion of the variant itself by mass spectroscopy is not sufficient
(or the result is negative), and there is a high clinical suspicion
of ATTR-CA, then deoxyribonucleic acid (DNA) sequencing is
used. Sometimes the sequence of actions taken before the
biopsy can be reversed depending on availability of diagnostic
techniques and clinical case [4].

Uncertainties about conventional treat-
ment

Another challenge is effective treatment to both prevent
the development of HF and improve the condition of patients
with ATTR-developed heart failure. Little is known about the
benefits of conventional HF therapy in patients with ATTR-CA
and most recommendations are based on expert opinion.
Many reports focus on the increased risk of hypotonia in pa-
tients with ATTR-CA due to the reduced ability to maintain
stroke volume by increasing the volume and force of ven-
tricular contractility. Therefore, these patients’ cardiac output
largely dependent on heart rate and caution is advised when
administering beta blockers which are indicated only when
atrial arrhythmias coexist and at the lowest possible dose [41].

Also, the use of angiotensin-converting-enzyme inhib-
itors, angiotensin receptor blockers, angiotensin receptor/
neprilysin inhibitors and sodium-glucose co-transporter-2
(SGLT2) inhibitors raises concerns about symptomatic hypo-
tension, particularly with autonomic neuropathy co-occurring
with ATTR-CA [85-86]. A solution in such cases may be the use
of midodrine or droxidopa and compression stockings [87].

Although the use of loop diuretics is the mainstay of main-
taining fluid balance in patients with ATTR-CA and their intra-
venous use reduces hospital and emergency department ad-
missions [88], one should avoid aggressively forcing diuresis,
as there is a high risk of organ hypoperfusion and consequent
acute kidney injury [85]. The first-line drug is usually furosem-
ide, whereas torasemide or bumetanide is recommended
if there is no response. Synergistic aldosterone antagonists
or thiazides may be added as a next step [6]. There is an in-
creased need for diuretics as HF progresses and the need for
high doses is an unfavorable prognostic factor [89]. Similarly,
the use of vasopressors has been associated with a particu-

larly high mortality rate, which may be due to the cardiogenic
shock these patients are usually admitted with [90].

Because of the difficulty in establishing adequate fluid
balance, the narrow therapeutic window, and the increased
risk of hypotony and hypoperfusion in patients with ATTR-CA
treated with standard HF medications, a strategy based on re-
mote monitoring might be beneficial in this group [91]. In light
of recent reports and recommendations on the treatment of
HF [92], it seems important to further investigate the effect of
SGLT2-inhibitors on the course of ATTR-CA.

Future therapies

CRISPR-Cas9 is a genetic engineering method consist-
ing of two components. First, guideRNA recognizes a target
sequence in the cell’'s genome and guides the Cas9 enzyme
to it, which activates the “cutting” process. A defective DNA
fragment with a pathogenic mutation can be “cut out” or
a repair-like process can be induced by homologous recom-
bination based on the provided RNA template. NTLA-2001 is
a drug using this mechanism and it caused a > 97% decrease
in TTR in mice after a single application over 12 months [93].

Another strategy is to degrade or extract amyloid using
specific monoclonal antibodies. PRX-004 is an antibody that
binds only to abnormally folded TTR, thus it may improve
the macrophagal removal of amyloid accumulated in the my-
ocardium [94]. In a phase | study (NCT03336580), PRX-004
shows efficacy and a good safety profile. A phase Il trial
(NCT05442047) is currently underway to focus specifically
on patients with ATTR-CA, and the results of this trial are to
be published by May 2025 [95]. Another antibody in phase
| clinical trials with a similar mechanism is NI006, which, after
12 months of us, caused a decrease in radio tracer uptake in
cardiac scintigraphy and extracellular volume in CMR [96].

Atype of recombinant antibody targeting the plasma amy-
loid P component (SAP) is Miridesap. SAP is synthesized in the
liver and binds to all types of amyloid fibers and administra-
tion of Miridesap was associated with a > 90% decrease in
serum SAP and activation of complement-dependent phago-
cytosis of amyloid deposits [97]. It also showed a reduction of
the amyloid deposit burden in liver and kidneys over 6 weeks
of therapy, but patients with cardiac involvement were not
included in the study [98]. A subsequent phase 2 clinical trial
failed to show a positive effect on cardiac amyloid deposits
with ATTR-CA, and further studies of Miridesap were aban-
doned [99].

If there is a high load of amyloid deposits, the process of
deposition of native TTR in tissues and organs on preformed
amyloid fibrils can continue despite its stabilization. In such
a case, the protein association inhibitor TabFH2, which binds
to the F- and H- ends of beta-strands and blocks the process
of TTR deposition, may be helpful [100]. There are also oth-



er inhibitors of TTR aggregation — a study of 19 patients with
ATTR-CA taking epigallocatechin gallate (EGCG), a polyphenol
that in vitro shows the ability to inhibit the formation of amy-
loid deposits [101], for 12 months showed a 12.5% decrease
in mean LV mass, a 9% increase in mean mitral annular ve-
locity and no disease progression [102]. However, a later ret-
rospective study on a larger group found no effect of EGCG
on mortality [103]. Also, curcumin administered chronically to
mice with the human TTR p.V50M variant slowed tetramer-
ic dissociation and reduced deposition of amyloid deposits,
moreover, it seems to be able to dissolve the deposits [104].
Unfortunately, it is poorly tolerated at high doses, has a short
half-life and poor bioavailability [6], hence the need for its
pharmacokinetic modification if it were to be applicable to
this indication. The available and currently investigated treat-
ment methods are summarized in Figure 4.
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Amyloidosis includes diseases like AL and ATTR, with an
increasing diagnosis of ATTR cardiomyopathy (ATTR-CA). ATTR
is divided into wild-type (ATTRwt) and variant (ATTRv), with
p.V142| being common. Genetic screening is crucial due to
higher mortality and severe symptoms in ATTRv. ATTR-CA re-
sults in restrictive cardiomyopathy and diastolic heart failure,
leading to complications like atrial fibrillation, bradyarrhyth-
mias, and occasionally ventricular tachycardias, necessitating
interventions such as pacemakers, anticoagulation, and ICDs.
Diagnosing ATTR-CA involves echocardiography, cardiac scin-
tigraphy and CMR with LGE. Differentiating it from AL amy-
loidosis is challenging, requiring comprehensive diagnostics.
Treatments like liver transplantation are beneficial, especially
for Val30Met mutation patients. Disease-modifying therapies,
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show promise. Future treatments explore CRISPR-Cas9, mon-
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