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Abstract

Background: Cardiac amyloidosis (CA) is mainly characterized by diastolic dysfunction,
with gradually worsening functional capacity and poor prognosis. Left atrial (LA) strain by
speckle tracking echocardiography (STE) is an index of diastolic function and heart failure
(HF) symptoms. The aim of this study was to evaluate the relationship of LA strain with
functional capacity in CA and the potential prognostic value of speckle tracking variables.
Methods: In this single-center study, we prospectively enrolled consecutive outpatients with
CA (n = 75). Clinical, echocardiographic evaluation, six-minute-walking-test (6MWT) and
Kansas City Cardiomyopathy Questionnaire (KCCQ) were performed on the same day. The
primary endpoint was the correlation between global peak atrial longitudinal strain (PALS) and
NTproBNP, 6MWT score, and KCCQ. The secondary endpoint was a combination of all-cause
or cardiovascular death and HF hospitalization. Results: Overall, 48 ATTR and 27 AL patients
(74 £ 11 years, 84% male) were enrolled. Global PALS showed a significant direct correlation
with N-terminal-pro-brain natriuretic peptide (NTproBNP, p = 0.3, p = 0.017) and 6MWT (p = 0.4,
R? = 0.2, p = 0.004), but no significant correlation with KCCQ (p = —0.13, p = 0.3). GLS showed
a significant direct correlation with NTproBNP (p = 0.3, p = 0.017) but not with 6MWT and/or
KCCQ. Over a mean follow up of 12 &+ 3 months, 42 patients reached the combined endpoint.
With ROC curves, both global PALS < 13.5% and GLS > —12% provided a good prediction of
the combined endpoint (AUC = 0.72 [0.6-0.82] and 0.73 [0.63-0.83], respectively, p < 0.0001),
higher than NTproBNP and other echocardiographic parameters. Conclusions: Global PALS
is associated with congestion and functional capacity in CA, suggesting its role as a more
objective marker of disease severity in CA. Speckle tracking parameters may be used to enhance
prognostic stratification in CA.

Keywords: cardiac amyloidosis; echocardiography; functional capacity; speckle tracking;
prognosis

1. Introduction

Cardiac amyloidosis (CA) is an infiltrative restrictive cardiomyopathy characterized
by the accumulation of misfolding protein in the myocardial interstitium. Although there
are more than 30 proteins that could infiltrate the myocardium, immunoglobulin-derived
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light chains (AL) and transthyretin (ATTR) alone account for approximately 98% of cases
of CA [1].

The principal result of protein deposition is left ventricular (LV) hypertrophy, with
increasing stiffness of the LV wall and first diastolic and then systolic dysfunction, clinically
manifesting as heart failure (HF), with increasing worsening of functional capacity and
quality of life (QoL) of patients. Demonstration of elevated left ventricular (LV) filling
pressure is pivotal for the diagnosis of HF with preserved ejection fraction (HFpEF). Ac-
cording to the recommendations from the American Society of Echocardiography (ASE)
and the European Association of Cardiovascular Imaging (EACVI), the combination of
several echocardiographic parameters, including left atrial (LA) strain by speckle tracking
echocardiography (STE), was proposed to evaluate LV filling pressure. When used in
combination with the conventional markers, LA strain provides an additional value to
predict LV filling pressure, especially in the grey zone or when one of the other standard
criteria is missing [2].

STE is a validated tool in the setting of early diagnosis of CA, given that it shows a
reduction of global longitudinal strain (GLS) consistent with LV damage, with a typical
pattern shown by a bull’s eye representation, called apical sparing [3]. Moreover, LV
diastolic dysfunction, along with direct amyloid infiltration of atrial walls, results in LA
remodeling and functional impairment with significantly reduced LA reservoir strain (peak
atrial longitudinal strain, PALS) and LA contraction strain (peak atrial contraction strain,
PACS). However, its possible association with functional capacity and QoL in CA has not
yet been investigated.

The Kansas City Cardiomyopathy Questionnaire (KCCQ) is composed of an overall
summary score that mirrors functional capacity and HF symptoms burden [4] and is
recommended as a measure of functional capacity in patients with HF.

The six minute walking Test (6MWT) is a functional capacity measure that has shown
fair accuracy in predicting morbidity and mortality from heart or lung disease [5] and also
has proven useful in big meta-analyses [6,7].

Both KCCQ and 6MWT are recommended for the evaluation of CA and are mandatory
items for therapy prescription in wild-type ATTR CA.

The aim of this observational pilot study was to evaluate the correlation between
LA strain and functional status (assessed as 6MWT, KCCQ and NTproBNP) in patients
with CA and to assess the potential prognostic value of speckle tracking parameters in
these patients.

2. Materials and Methods
2.1. Patient Population and Clinical Evaluation

In this prospective observational study, we enrolled consecutive outpatients with CA
(ATTR or AL, diagnosed according to the current ESC guidelines [8]) during routine visits
dedicated to CA in our tertiary level center from January to December 2023. Exclusion
criteria were known coronary artery disease or prior heart failure with reduced ejection
fraction, left ventricular ejection fraction <40%, severe valvular heart disease, previous
cardiac surgery, non-feasible 6MWT or speckle tracking analysis, unwillingness to sign
informed consent, age <18 years (central illustration).

All patients underwent a complete clinical evaluation, including 12-lead electrocardio-
gram, transthoracic echocardiogram (basic and advanced), serum biochemistry including
N-terminal pro-brain natriuretic peptide (NT-proBNP) and high sensitivity troponin T (Hs-Tn).

On the same day of the visit, patients underwent 6MWT and 12-item version KCCQ.

For the first test, the primary measurement was the total distance walked, then we
evaluated fatigue and dyspnea, measured with a modified Borg or visual analog scale. We

https://doi.org/10.3390/jcm15041337


https://doi.org/10.3390/jcm15041337

J. Clin. Med. 2026, 15, 1337

30f12

measured arterial oxygen saturation via pulse oximetry at the beginning and at the end of
the test. We evaluated the results according to the American Thoracic Statement Guidelines
for the 6MWT. Healthy subjects’” 6-minutes” walking distance range was considered to be
from 400 to 700 m [9]. Patients with significant pulmonary or muscular-joint disease with
potential impact on 6MWT distance or oxygen saturation evaluation were excluded.

The KCCQ printed version was administered to patients, and scores were scaled from
0 to 100 and frequently summarized in 25-point ranges, where scores represent health
status as follows: 0 to 24: very poor to poor; 25 to 49: poor to fair; 50 to 74: fair to good; and
75 to 100: good to excellent [4].

Then, patients were followed for clinical endpoints with phone calls or follow up visits.

The primary endpoint was the correlation between global PALS and NTproBNP,
6MWT score and KCCQ. As the secondary endpoint, a combination of all-cause or cardio-
vascular death and HF hospitalization were registered during follow-up visits.

All patients gave their informed consent for study participation. The study was
conducted according to the guidelines of the Declaration of Helsinki, and it was approved
by the South Eastern Tuscany Ethics Committee (protocol code 19212, date of approval 28
June 2021).

2.2. Standard Echocardiography and Speckle Tracking Analysis

Standard echocardiography was performed by an expert operator using a fully
equipped machine (Vivid E9, GE, Horten, Norway) in left lateral recumbent position
with a stable ECG tracing. All parameters were measured according to the European Asso-
ciation of Cardiovascular Imaging (EACVI)/American Society of Ecochardiography (ASE)
guidelines [10]. For each patient, the following measurements were taken: end-diastolic
thickness of the ventricular septum (IVS) and of LV posterior wall (PW), end-diastolic
thickness of right ventricular (RV) wall, LV end-diastolic and end-systolic volumes (EDV,
ESV, respectively), and ejection fraction (EF) with biplane Simpson method. For the assess-
ment of diastolic function, mitral peak flow velocity in early and in late diastole, during
atrial contraction (E, A, respectively), pulsed TDI- derived early peak diastolic velocity
at septal mitral annulus (E’) and EE’ ratio, LA area and volume, and LA volume index
(LAVi) were all measured. We also evaluated RV longitudinal and systolic global function
by tricuspid annular plane systolic excursion (TAPSE), systolic excursion velocity (S’), and
right ventricular fractional area (RVFAC).

Speckle tracking analysis was performed offline using the dedicated 2D strain software
(Echopac v.206, GE, Horten, Norway) by a single experienced and independent echocardio-
grapher, who was not directly involved in the image acquisition and blinded to other data.
Dedicated views for LV, LA and RV STE, with good visualization of all chambers and a
reliable delineation of the endocardial border acquired on 2D grey-scale echocardiography
during three consecutive cardiac cycles with a frame rate of 40-80 frames per second and
a stable ECG tracing, were used for the analysis. The endocardial border was manually
traced in apical views, delineating a region of interest (ROI) of 6 segments for each view.
Then, necessary manual adjustments of the ROI were performed, and the longitudinal
strain curves for each segment were generated by the software.

Left ventricular global longitudinal strain (GLS) was measured using left ventricle
apical four-, two-, and three-chamber views, acquired during three consecutive cardiac
cycles. We manually traced the endocardial border, and then the software automatically
generated the region of interest (ROI) in each apical view (four-, two-, and three chambers),
which was manually corrected when needed. The left ventricle was automatically divided
into 17 segments [10]. Global PALS was calculated at the end of the reservoir phase as the
average of all LA segments in apical four- and two-chamber views, and using QRS as the
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starting point, global peak atrial contraction strain (PACS) was calculated at the beginning
of LA contraction on LA strain curve as the average of all segments in apical four- and
two-chamber views [11]. Right ventricular longitudinal strain (RVLS) and free-wall RVLS
(fwRVLS) were assessed using the RV-focused apical four-chamber view, tracing, similar to
the left ventricle, the endocardial border, adjusting, if necessary, the ROI, and obtaining,
using the software, the six segments of the right ventricle, three of them for the septum and
three for the free wall [11].

In patients for whom some segments were excluded for the lack of adequate tracking,
strain was calculated by averaging values measured in the remaining segments.

2.3. Statistical Analysis

Data are expressed as means & SD (continuous normal variables) or median [interquar-
tile range, IQR] (continuous non-normal variables) or as counts and percentages (binary
variables). The Kolmogorov-Smirnov test was used to test parameters for normality.

Patients were then divided into two groups based on ATTR or AL CA.

Differences between the groups were analyzed using independent sample Student
T-tests for continuous variables (Mann-Whitney U-test for non-normally distributed vari-
ables) and Chi-squared analyses for categorical variables.

Pearsons’ coefficient was used to determine the correlation between global PALS and
6MWT score and KCCQ score in the whole population and then in the two groups.

Moreover, receiver operating characteristic (ROC) curves were applied to test the
prognostic value of clinical, basic and advanced echocardiographic parameters, chosen
based on previous studies and biological plausibility for the secondary endpoint. Youden
index was used to identify the optimal prognostic value for the best fitted parameters.

3. Results

Overall, 75 patients with CA (74 £ 11 years, 48 ATTR, 27 AL, 84% male) were enrolled.
Mean time from first diagnosis of CA was 6 £ 5 months. Most patients had signs or symp-
toms of amyloidosis systemic involvement, including in the nervous system (87%, n = 65),
kidneys (48% n = 36), liver (16%, n = 12), joints (45%, n = 34), digestive tract (65%, n = 49),
and bone marrow (36%, n = 27). Most patients were treated with diuretics, angiotensin
converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARB) and/or min-
eralcorticoid receptor antagonists (MRA). Among patients with ATTR, 85% (n = 41) were
treated with tafamidis for 6 & 3 months, and the remaining 15% had contraindications due
to NYHA class >2.

Mean LV ejection fraction was preserved (55 £ 9%), and LV global longitudinal strain
was reduced (GLS = —12 + 7%); 32 had an apical sparing pattern. Median global peak
atrial longitudinal strain (PALS) was reduced (median [IQR] = 14 [6.5;23.5]), mean 6MWT
score = 382 + 104, and mean KCCQ score= 67 & 24. General and clinical characteristics of
the study population are shown in Table 1.

Table 1. General and clinical characteristics of the study population.

Variables Overall (n = 75)
Age (years) 74 £11
Male (%,n) 84% (36)
Weight (Kg) 72+ 13
Height (cm) 167 £ 8
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Table 1. Cont.

Variables Overall (n = 75)
Arterial hypertension (%, n) 16 (38%)
Diabetes mellitus (%, n) 12 (5%)
Atrial fibrillation (%, n) 22 (29%)
ATTR (%, n) 64% (48)
AL (%, n) 36% (27)
Loop diuretics (%, n) 96% (72)
ACEi/ARBs (%, n) 77% (58)
Beta blockers (%, n) 48% (36)
MRA (%, n) 84% (63)

ACE;i, angiotensin converting enzyme inhibitors; AL, light-chain amyloidosis ARBs, angiotensin receptor blockers;
ATTR, transthyretin amyloidosis; MRA, mineralcorticoid receptor antagonists.

3.1. Standard Echocardiography

Most patients showed preserved biventricular function, with normal left ventricular
(LV) ejection fraction (55 & 9%), normal right ventricular fractional area change (RVFAC)
(41 £ 10%), and normal longitudinal function of the right ventricle (TAPSE = 20 £ 8 mm).

As is typical of CA, patients had increased left ventricular wall thickness; the inter-
ventricular septum was 15 & 3 mm and posterior wall thickness was 13 = 3 mm. LA
volume index was preserved or mildly increased (30 + 8 mL/m?). Echocardiographic
characteristics of the study population divided according to AL and ATTR amyloidosis are
shown in Table 2.

Table 2. Echocardiographic characteristics of the study population divided into two groups according
to ATTR and AL amyloidosis.

Variables Overall (n = 75) (:ZI;I;) (niz% p-Value
LVEF (%) 5549 55+ 8 54+ 6 0.103

LV IVS (mm) 1543 17£3 1443 <0.0001

LV PW (mm) 1343 1542 1342 <0.0001
E“d'dé?sLt\‘}“(;l‘flume 93 + 18 97 +£31 97 4+ 24 0.14
E/€avg 10+6 1344 1147 0.73
TAPSE (mm) 2048 19+4 20+ 4 0.167
sPAP (mmHg) 30+ 8 3249 2949 0.104
RVFAC (%) 41+10 4147 46 £ 10 0.203
LAVi (mL/m?) 48 +22 51+ 15 44+ 16 0.092
I‘gﬁrcf;leasl:(enﬁxf 942 941 942 0.142
%ﬁﬁi‘ﬁ‘fg‘gﬁ;ﬁgﬁf 842 9+2 8+2 0.007
GLS (%) —14+7 —1244 —16+6 0.002

PALS (%) 16 + 11 11+6 2049 <0.0001

PACS (%) 9+7 445 1047 <0.0001
FWRVLS (%) —16+9 —16+5 1747 0.622

E/E’avg, E diastolic wave by pulsed wave Doppler/average e’ wave by tissue Doppler imaging; FWRVLS, free
wall right ventricular longitudinal strain; GLS, global longitudinal strain; IVS, interventricular septum; LAVI,
left atrial volume index; LV, left ventricular; LVEF, left ventricular ejection fraction; PACS, peak atrial contraction
strain; PALS, peak atrial longitudinal strain; PW, posterior wall; sPAP, systolic pulmonary artery pressure; RVFAC,
right ventricular fraction area change; TAPSE, tricuspid annular plane systolic excursion.
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3.2. STE Analysis

Most patients showed reduced LV global longitudinal strain (GLS =—12 + 7%), 32
of them with apical sparing pattern. PALS was 14% (median [IQR] = 6.5; 23.5), and PACS
was 9 £ 7%. Additionally, FWRVLS decreased (13 & 9%). All echocardiography data in
patients with ATTR and AL amyloidosis are reported in Table 2.

As for the primary endpoint, global PALS showed a significant direct correlation with
N-terminal pro brain natriuretic peptide (NTproBNP, p = 0.3, p = 0.017) and 6MWT (p = 0.4,
R? = 0.2, p-value = 0.004, Figure 1) but no significant correlation with KCCQ (p = —0.13,
p = 0.3). GLS showed a significant direct correlation with N-terminal pro brain natriuretic
peptide (NTproBNP, p = 0.3, p = 0.017) but not with 6MWT and /or KCCQ.
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Figure 1. Scatter plot showing global peak atrial longitudinal strain (PALS) correlation with the
six-minute walking test (6MWT).

Over a mean follow up of 12 & 3 months, 42 patients reached the combined endpoint
(39 HF hospitalization, 3 deaths, of which 2 had cardiovascular causes). ROC curves
showed that both global PALS < 13.5% and GLS > —12% provided a good prediction of
the combined endpoint (AUC 0.72 [0.6-0.82] and 0.73 [0.63-0.83], respectively, p < 0.0001,
Figure 2), higher than LAVI, TAPSE, LV EFE, E/F’, free wall right ventricular strain, and
NTproBNP (AUC 0.67, 0.62, 0.54, 0.65, 0.62, and 0.63, respectively).

ROC curve ROC curve

0.8

0.6

PALS < 13%
AUC0.72

GLS >-12%
AUCO0.73

Sensitivity
Sensitivity

0.4

0.2

0.0 0.2 04 06 08 10 0.0 0.2 04 06 08 10

1 - Specificity 1 - Specificity

Figure 2. Receiver operating characteristic (ROC) curves for the prediction of the secondary endpoint by
global peak atrial longitudinal strain (PALS) and left ventricular (LV) global longitudinal strain (GLS).
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The superior predictive value of PALS and GLS was confirmed both in AL and ATTR
patients (Table 3).

Table 3. Results of receiver operating characteristic (ROC) curves for the prediction of the combined
endpoint in the population divided into transthyretin (ATTR) and light-chain cardiac amyloidosis (AL).

Overall AUC ATTR AL
PALS 0.72 (p < 0.0001) 0.74 (p = 0.002) 0.76 (p < 0.001)
LV GLS 0.73 (p < 0.0001) 0.85 (p = 0.002) 0.73 (p = 0.007)
LAVI 0.67 (p = 0.06) 0.72 (p = 0.08) 0.62 (p = 0.38)
TAPSE 0.62 (p =0.2) 0.73 (p = 0.05) 0.56 (p = 0.6)
LVEF 0.54 (p = 0.5) 0.47 (0.8) 0.61 (p = 0.36)
E/E avg 0.65 (p = 0.5) 0.56 (p = 0.6) 0.6 (p = 0.4)
fwRVLS 0.62 (p = 0.44) 0.67 (p = 0.23) 0.55 (p = 0.6)
NTproBNP 0.63 (p = 0.038) 0.68 (p = 0.013) 0.7 (p = 0.05)

AUC, area under curve; E/E’avg, E diastolic wave by pulsed wave Doppler/average e’ wave by tissue Doppler
imaging; fwRVLS, free wall right ventricular longitudinal strain; GLS, global longitudinal strain; LV, left ventricle;
LVEF, left ventricular ejection fraction; PALS, peak atrial longitudinal strain; TAPSE, tricuspid annular plane
systolic excursion.

4. Discussion

To date, our pilot study was the first to evaluate the association of global PALS and
functional capacity assessed by 6MWT and KCCQ in patients with CA, showing a potential
correlation with 6MWT and NTproBNP, which confirm its potential role as a marker of HF
symptoms, and the absence of a correlation with KCCQ raises concerns on this parameter.
Moreover, it confirmed previous findings, suggesting the potential role of speckle tracking
parameters in predicting prognosis in patients with CA, although evidence in this field is
still poor.

Many previous studies have focused mainly on the functional and structural conse-
quences of amyloid infiltration within the ventricles, which appear to be the most impaired
chambers due to the considerable hypertrophy. However, CA is a restrictive cardiomyopa-
thy, mainly characterized by diastolic dysfunction. Therefore, the study of the left atrium
should not be overlooked in these patients. Moreover, atrial involvement is not only due
to the elevated LV filling pressure, but also to the direct infiltration of the atrial wall by
misfolding proteins, causing the loss of the normal architecture of the myocardium and the
increase of stiffness, as in the ventricles.

In the previous literature, the assessment of the atria has focused mainly on atrial
dimension, which is considered a marker of diastolic dysfunction [12,13]. However, de-
terioration in LA function occurs before structural changes; thus, the assessment of LA
function could provide a more sensitive assessment of diastolic dysfunction than LAVL. In
the last few years, LA strain emerged as a new, additive and earlier marker of LV diastolic
dysfunction [14] and has shown its correlation with NTproBNP in HF patients [15]. Inoue
et al. showed that LA reservoir and pump strain had better correlation with invasively
assessed (by right heart catheterization) LV filling pressures than the standard echocar-
diographic parameters, with an optimal cut-off value of 18% for LA reservoir strain when
defining pulmonary capillary wedge pressure of >12 mmHg as elevated [2]. Potter et al.
investigated the association of LA strain with incident HF in patients with risk factors for
HF with a diastolic dysfunction grading based on previously validated LA strain cut-off
values, showing that incident HF significantly increased with higher diastolic disfunction
grade [16].
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Based on all of this evidence, the 2022 expert consensus document of the European
Association of Cardiovascular Imaging for multimodality imaging assessment of HFpEF
recommended the use of LA reservoir and pump strain as additional markers of LV filling
pressure [17].

CA commonly presents as HFpEF, with early diastolic dysfunction in absence of
relevant symptoms. In this context, the clinical implication of LA involvement in CA is of
great clinical interest. A recent multicenter study, conducted on 423 consecutive patients
screened for CA, showed that, among STE measures of the four chambers, PALS and PACS
are the most informative to diagnose CA [18] and were particularly reduced in ATTR form.
A study by our group demonstrated how LA reservoir strain may be useful in providing
early diagnosis of AL CA in patients with multiple myeloma [19].

In our analysis, LA strain showed a significant difference between ATTR and AL
patients, as it was lower in the first group, despite similar LA dimensions. Additionally,
Versteylen et al. [20] showed that patients with ATTR CA had higher LV hypertrophy,
lower LA reservoir, and pump strain independent of the other measurements of the LA
dimension and function. Therefore, LA functional quantification using strain analysis may
also be useful as an insight into the disease etiology and its consequences, and it could be
an autonomous marker of atrial restrictive dysfunction.

In recent studies, LA strain showed its utility in recognizing CA for differential
diagnosis with other cardiomyopathies; in fact, it is considerably lower in patients with CA
compared to Anderson-Fabry cardiomyopathy [21]. Additionally, Monte et al., studying
100 patients, among which 33 had ATTR-CA and 34 had hypertrophic cardiomyopathy,
showed that the CA group exhibited significantly impaired LA function compared to HCMs
and control groups, and this impairment was consistent even in the CA subgroup with
preserved ejection fraction [22].

As the primary endpoint, the present study evaluated its contribution to predict the
worsening quality of life and functional capacity in patients with CA. Due to the rapid
changes in clinical status characterizing patients with CA, it is important to have an objec-
tive tool to assess the worsening congestion and functional capacity in order to consider
modification of the medical therapy and stricter follow up. This study demonstrated that a
reduction of LA strain is associated with worse symptoms in means of lower functional
capacity assessed by 6MWT and NTproBNP. In fact, as amyloid accumulates, the wall
stiffness increases, with a considerable rise of LA pressure leading to high-grade diastolic
dysfunction (Figure 3), with clinical impact on functional capacity and HF symptoms. On
the contrary, LV GLS was not correlated with HF symptoms, probably due to the patho-
physiology of CA, which mainly consists of diastolic dysfunction, with an earlier and
higher burden on the left atrium typical of HFpEF [23]; therefore, the onset of symptoms in
these patients is consequential to LA chronic pressure overload and incipient dysfunction.

On the other hand, our study showed the lack of correlation between LA strain and
KCCQ score as a quality-of-life indicator. CA has a psychological impact on patients and
their caregivers. Therefore, it is challenging to reliably assess the quality of life of these
patients, as it may be influenced by their psychological status concerning the disease. In
fact, even though KCCQ is the standard test recommended to assess quality of life in
cardiomyopathies, many clinicians agree on the fact that, based on their experience, this
tool is often not completely affordable to patients, either due to their advanced age, the
unconsciousness of the importance of evaluating their personal feelings during follow-up
visits, or due to high psychological burden carried by the disease, which influence the
subjective perception of functional status when answering to the questionnaire. In this
study, the mean KCCQ score was 67 £ 24, which includes the patients in the group ‘fair
to good’. This result was not always concordant with the New York Heart Association
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(NYHA) class or with the daily routine that is referred to by caregivers. Therefore, some
authors have already tried to find new tools for patient-reported outcomes in patients with
CA [24]; however, further research is encouraged to find new tools to have a more objective
assessment of QoL in CA.

Figure 3. Atria infiltration by misfolding proteins causes the increase of interatrial septum thickness
with restrictive doppler pattern and reduced peak atrial longitudinal strain (PALS) and peak atrial
longitudinal strain (PACS).

The secondary endpoint of our study focused on the research on predictors of clinical
endpoint in CA, for which GLS and PALS emerged as the best associated with prognosis.
In previous studies, speckle tracking parameters of all cardiac chambers showed a utility to
predict clinical outcome in CA [25], particularly LA strain, both in AL and ATTR [26-28].
Therefore, these parameters may represent easily obtainable non-invasive markers not only
for CA diagnosis but also for prognostic assessment to guide therapeutic decisions.

Limitations

Although showing promising results, our study has some limitations that should
be discussed. First of all, due to the single-center nature of the study, further studies
are needed to confirm these findings over larger sample sizes and a multicenter basis.
Concerning the contrasting results between ATTR and AL patients, this may be due to the
poor sample size of the AL group and to the diagnosis made at a very early stage of the
disease in AL patients, thanks to a screening program of our center conducted in patients
with multiple myeloma, which allows us to provide AL cardiac involvement at subclinical
phases. Therefore, the inclusion of both ATTR and AL patients may be seen as a limitation.
However, our aim was to provide real-life evidence on the utility of echocardiographic
parameters to assess functional capacity and prognosis in both ATTR and AL, as the daily
management in dedicated centers focuses on both types of CA.
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5. Conclusions

The assessment of functional capacity and QoL in patients with CA is still challenging.
Our preliminary results show that global PALS is associated with functional capacity and
the burden of HF symptoms in ATTR and AL amyloidosis, suggesting its role as a more
objective marker of disease severity in CA, but not with KCCQ. Moreover, global PALS
and GLS emerged as the most accurate prognostic predictors among clinical, basic, and
echocardiographic parameters in CA. Speckle tracking may provide additional useful
markers of CA burden to guide clinical decision-making; however, further studies are
needed to clarify the role of these parameters in the management of patients with CA and
to improve the evaluation of QoL of these patients.
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Abbreviations

The following abbreviations are used in this manuscript:

6MWT 6 min walking test

CA cardiac amyloidosis

fwRVLS free wall right ventricular longitudinal strain
HF heart failure

HFpEF heart failure with preserved ejection fraction
Hs-Tn high sensitivity troponin

VS interventricular septum

KCCQ Kansas city cardiomyopathy questionnaire
GLS global longitudinal strain

LA left atrium

LAVI left atrial volume index

Lv left ventricle

NTproBNP  N-terminal pro brain natriuretic peptide
PACS peak atrial contraction strain

PALS peak atrial longitudinal strain

PW posterior wall

QoL quality of life

RVFAC right ventricular fractional area change
RVLS right ventricular longitudinal strain

STE speckle tracking echocardiography
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TAPSE tricuspid annular plane systolic excursion

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Benson, M.D.; Buxbaum, ]J.N.; Eisenberg, D.S.; Merlini, G.; Saraiva, M.].M.; Sekijima, Y.; Sipe, ].D.; Westermark, P. Amyloid
nomenclature 2020: Update and recommendations by the International Society of Amyloidosis (ISA) nomenclature committee.
Amyloid 2020, 27,217-222. [CrossRef] [PubMed]

Inoue, K.; Khan, EH.; Remme, E.W.; Ohte, N.; Garcfa-Izquierdo, E.; Chetrit, M.; Moiiivas-Palomero, V.; Mingo-Santos, S.;
Andersen, @.S.; Gude, E.; et al. Determinants of left atrial reservoir and pump strain and use of atrial strain for evaluation of left
ventricular filling pressure. Eur. Heart ]. Cardiovasc. Imaging 2021, 23, 61-70. [CrossRef] [PubMed]

Pastore, M.C.; De Carli, G.; Mandoli, G.E.; D’Ascenzi, F.; Focardi, M.; Contorni, F; Mondillo, S.; Cameli, M. The prognostic role of
speckle tracking echocardiography in clinical practice: Evidence and reference values from the literature. Heart Fail. Rev. 2021, 26,
1371-1381. [CrossRef] [PubMed]

Spertus, ].A.; Jones, P.G.; Sandhu, A.T.; Arnold, S.V. Interpreting the Kansas City Cardiomyopathy Questionnaire in Clinical Trials
and Clinical Care: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2020, 76, 2379-2390. [CrossRef] [PubMed]

Sohn, S.; Jeon, J.; Lee, ].E.; Park, S.H.; Kang, D.O.; Park, E.J.; Lee, D.-1.; Choi, ].Y; Roh, S.Y.; Na, J.O.; et al. Prognostic value of the
six-minute walk test in patients with cardiovascular disease. Sci. Rep. 2025, 15, 20817. [CrossRef]

Fuentes-Abolafio, 1.].; Stubbs, B.; Pérez-Belmonte, L.M.; Bernal-Lépez, M.R.; Gémez-Huelgas, R.; Cuesta-Vargas, A.I. Physical
functional performance and prognosis in patients with heart failure: A systematic review and meta-analysis. BMC Cardiovasc.
Disord. 2020, 20, 512. [CrossRef]

Yamamoto, S.; Yamaga, T.; Nishie, K.; Sakai, Y.; Ishida, T.; Oka, K.; Ikegami, S.; Horiuchi, H. Impact of physical performance on
prognosis among patients with heart failure: Systematic review and meta-analysis. J. Cardiol. 2020, 76, 139-146. [CrossRef]
Arbelo, E.; Protonotarios, A.; Gimeno, J.R.; Arbustini, E.; Barriales-Villa, R.; Basso, C.; Bezzina, C.R.; Biagini, E.; A Blom, N.; A de
Boer, R.; et al. 2023 ESC Guidelines for the management of cardiomyopathies. Eur. Heart J. 2023, 44, 3503-3626. [CrossRef]
Holland, A.E.; Spruit, M.A.; Troosters, T.; Puhan, M.A.; Pepin, V.; Saey, D.; McCormack, M.C.; Carlin, B.W,; Sciurba, F.C.; Pitta, F,;
et al. An official European Respiratory Society/ American Thoracic Society technical standard: Field walking tests in chronic
respiratory disease. Eur. Respir. |. 2014, 44, 1428-1446. [CrossRef]

Lang, R.M.; Badano, L.P; Mor-Avi, V,; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A;
Kuznetsova, T.; et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. . Am. Soc. Echocardiogr. 2015,
28,1-39.e14. [CrossRef]

Badano, L.P; Kolias, T.].; Muraru, D.; Abraham, T.P; Aurigemma, G.; Edvardsen, T.; D'Hooge, J.; Donal, E.; Fraser, A.G.; Marwick,
T.; et al. Standardization of left atrial, right ventricular, and right atrial deformation imaging using two-dimensional speckle
tracking echocardiography: A consensus document of the EACVI/ASE/Industry Task Force to standardize deformation imaging.
Eur. Heart ]. Cardiovasc. Imaging 2018, 19, 591-600. [CrossRef] [PubMed]

Cameli, M.; Miglioranza, M.H.; Magne, J.; Mandoli, G.E.; Benfari, G.; Ancona, R,; Sibilio, G.; Luksic, V.R.; Dejan, D.; Griseli, L.;
et al. Multicentric Atrial Strain COmparison between Two different modalities: MASCOT HIT Study. Diagnostics 2020, 10, 946.
[CrossRef] [PubMed]

Bandera, F.; Martone, R.; Chacko, L.; Ganesananthan, S.; Gilbertson, J.A.; Ponticos, M.; Lane, T.; Martinez-Naharro, A.; Whelan,
C.; Quarta, C.; et al. Clinical Importance of Left Atrial Infiltration in Cardiac Transthyretin Amyloidosis. JACC Cardiovasc. Imaging
2022, 15, 17-29. [CrossRef] [PubMed] [PubMed Central]

Morris, D.A.; Belyavskiy, E.; Aravind-Kumar, R.; Kropf, M.; Frydas, A.; Braunauer, K.; Marquez, E.; Krisper, M.; Lindhorst, R.;
Osmanoglou, E.; et al. Potential Usefulness and Clinical Relevance of Adding Left Atrial Strain to Left Atrial Volume Index in the
Detection of Left Ventricular Diastolic Dysfunction. JACC Cardiovasc. Imaging 2018, 11, 1405-1415. [CrossRef] [PubMed]
Pastore, M.C.; Mandoli, G.E.; Stefanini, A.; Ghionzoli, N.; Carrucola, C.; De Carli, G.; Lisi, M.; Cavigli, L.; D’AScenzi, F.; Focardi,
M.; et al. Prediction of congestive state in acute and chronic heart failure: The association between NT-proBNP and left atrial
strain and its prognostic value. Int. ]. Cardiol. 2023, 371, 266-272. [CrossRef]

Potter, E.L.; Ramkumar, S.; Kawakami, H.; Yang, H.; Wright, L.; Negishi, T.; Marwick, T.H. Association of Asymptomatic Diastolic
Dysfunction Assessed by Left Atrial Strain With Incident Heart Failure. JACC Cardiovasc. Imaging 2020, 13, 2316-2326. [CrossRef]
Smiseth, O.A.; Morris, D.A.; Cardim, N.; Cikes, M.; Delgado, V.; Donal, E.; A Flachskampf, F.; Galderisi, M.; Gerber, B.L.; Gimelli,
A.; et al. Multimodality imaging in patients with heart failure and preserved ejection fraction: An expert consensus document of
the European Association of Cardiovascular Imaging. Eur. Heart ]. Cardiovasc. Imaging 2022, 23, e34—e61. [CrossRef]

Aimo, A.; Fabiani, I.; Giannoni, A.; Mandoli, G.; Pastore, M.; Vergaro, G.; Spini, V.; Chubuchny, V.; Pasanisi, E.; Petersen, C.; et al.
Multi-chamber speckle tracking imaging and diagnostic value of left atrial strain in cardiac amyloidosis. Eur. Heart ]. Cardiovasc.
Imaging 2022, 24, 130-141. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15041337


https://doi.org/10.1080/13506129.2020.1835263
https://www.ncbi.nlm.nih.gov/pubmed/33100054
https://doi.org/10.1093/ehjci/jeaa415
https://www.ncbi.nlm.nih.gov/pubmed/33496314
https://doi.org/10.1007/s10741-020-09945-9
https://www.ncbi.nlm.nih.gov/pubmed/32219615
https://doi.org/10.1016/j.jacc.2020.09.542
https://www.ncbi.nlm.nih.gov/pubmed/33183512
https://doi.org/10.1038/s41598-025-04480-9
https://doi.org/10.1186/s12872-020-01725-5
https://doi.org/10.1016/j.jjcc.2020.02.022
https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1183/09031936.00150314
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1093/ehjci/jey042
https://www.ncbi.nlm.nih.gov/pubmed/29596561
https://doi.org/10.3390/diagnostics10110946
https://www.ncbi.nlm.nih.gov/pubmed/33202837
https://doi.org/10.1016/j.jcmg.2021.06.022
https://www.ncbi.nlm.nih.gov/pubmed/34419399
https://pmc.ncbi.nlm.nih.gov/articles/8724534
https://doi.org/10.1016/j.jcmg.2017.07.029
https://www.ncbi.nlm.nih.gov/pubmed/29153567
https://doi.org/10.1016/j.ijcard.2022.08.056
https://doi.org/10.1016/j.jcmg.2020.04.028
https://doi.org/10.1093/ehjci/jeab154
https://doi.org/10.1093/ehjci/jeac057
https://www.ncbi.nlm.nih.gov/pubmed/35292807
https://doi.org/10.3390/jcm15041337

J. Clin. Med. 2026, 15, 1337 12 of 12

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

De Carli, G.; Mandoli, G.E.; Salvatici, C.; Biagioni, G.; Marallo, C.; Turchini, F.; Ghionzoli, N.; Melani, A.; Pastore, M.; Gozzetti, A.;
et al. Speckle tracking echocardiography in plasma cell disorders: The role of advanced imaging in the early diagnosis of AL
systemic cardiac amyloidosis. Int. ]. Cardiol. 2024, 398, 131599. [CrossRef]

Versteylen, M.O.; Brons, M.; Teske, A.].; Oerlemans, M.LE]. Restrictive Atrial Dysfunction in Cardiac Amyloidosis: Differences
between Immunoglobulin Light Chain and Transthyretin Cardiac Amyloidosis Patients. Biomedicines 2022, 10, 1768. [CrossRef]
[PubMed] [PubMed Central]

Meucci, M.C;; Lillo, R.; Mango, F.; Marsilia, M.; lannaccone, G.; Tusa, E; Luigetti, M.; Biagini, E.; Massetti, M.; Lanza, G.A.; et al.
Left atrial structural and functional remodelling in Fabry disease and cardiac amyloidosis: A comparative analysis. Int. J. Cardiol.
2024, 402, 131891. [CrossRef] [PubMed]

Monte, I.P; Faro, D.C.; Trimarchi, G.; de Gaetano, F.; Campisi, M.; Losi, V.; Teresi, L.; Di Bella, G.; Tamburino, C.; de Gregorio, C.
Left Atrial Strain Imaging by Speckle Tracking Echocardiography: The Supportive Diagnostic Value in Cardiac Amyloidosis and
Hypertrophic Cardiomyopathy. J. Cardiovasc. Dev. Dis. 2023, 10, 261. [CrossRef] [PubMed] [PubMed Central]

Cameli, M.; Pastore, M.C.; Mandoli, G.E. Left atrial strain: A key element for the evaluation of patients with HFpEF. Int. |. Cardiol.
2021, 323, 197-198. [CrossRef] [PubMed]

Aimo, A.; Teresi, L.; Castiglione, V.; Picerni, A.L.; Niccolai, M.; Severino, S.; Agazio, A.; Baraglia, A.C.; Obici, L.; Palladini, G.; et al.
Patient-reported outcome measures for transthyretin cardiac amyloidosis: The ITALY study. Amyloid 2024, 31, 52-61. [CrossRef]
[PubMed]

Huntjens, PR.; Zhang, K.W.; Soyama, Y.; Karmpalioti, M.; Lenihan, D.J.; Goresan, J., 3rd. Prognostic Utility of Echocardiographic
Atrial and Ventricular Strain Imaging in Patients With Cardiac Amyloidosis. JACC Cardiovasc. Imaging 2021, 14, 1508-1519.
[CrossRef] [PubMed]

Liu, X.H.; Shi, J.Y;; Zhang, D.D.; Jia, EW,; Lin, X.; Zhu, Y.L.; Zhuang, ]J.L.; Fang, L.G.; Chen, W. Prognostic value of left atrial
mechanics in cardiac light-chain amyloidosis with preserved ejection fraction: A cohort study. BMC Cardiovasc. Disord. 2022, 22,
175. [CrossRef] [PubMed]

Ferkh, A.; Geenty, P; Stefani, L.; Emerson, P.; Pham, J.; Byth, K; Boyd, A.C.; Richards, D.; Taylor, M.S.; Kwok, F.; et al. Diagnostic
and prognostic value of the left atrial myopathy evaluation in cardiac amyloidosis using echocardiography. ESC Heart Fail. 2024,
11, 4139-4147. [CrossRef] [PubMed]

Akintoye, E.; Majid, M.; Klein, A.L.; Hanna, M. Prognostic Utility of Left Atrial Strain to Predict Thrombotic Events and Mortality
in Amyloid Cardiomyopathy. JACC Cardiovasc. Imaging 2023, 16, 1371-1383. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm15041337


https://doi.org/10.1016/j.ijcard.2023.131599
https://doi.org/10.3390/biomedicines10081768
https://www.ncbi.nlm.nih.gov/pubmed/35892668
https://pmc.ncbi.nlm.nih.gov/articles/9330560
https://doi.org/10.1016/j.ijcard.2024.131891
https://www.ncbi.nlm.nih.gov/pubmed/38382852
https://doi.org/10.3390/jcdd10060261
https://www.ncbi.nlm.nih.gov/pubmed/37367426
https://pmc.ncbi.nlm.nih.gov/articles/10299603
https://doi.org/10.1016/j.ijcard.2020.09.078
https://www.ncbi.nlm.nih.gov/pubmed/33027680
https://doi.org/10.1080/13506129.2023.2254451
https://www.ncbi.nlm.nih.gov/pubmed/37668548
https://doi.org/10.1016/j.jcmg.2021.01.016
https://www.ncbi.nlm.nih.gov/pubmed/33744146
https://doi.org/10.1186/s12872-022-02589-7
https://www.ncbi.nlm.nih.gov/pubmed/35428181
https://doi.org/10.1002/ehf2.15013
https://www.ncbi.nlm.nih.gov/pubmed/39129371
https://doi.org/10.1016/j.jcmg.2023.01.015
https://www.ncbi.nlm.nih.gov/pubmed/37940322
https://doi.org/10.3390/jcm15041337

	Introduction 
	Materials and Methods 
	Patient Population and Clinical Evaluation 
	Standard Echocardiography and Speckle Tracking Analysis 
	Statistical Analysis 

	Results 
	Standard Echocardiography 
	STE Analysis 

	Discussion 
	Conclusions 
	References

