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BACKGROUND Wild-type transthyretin cardiac amyloidosis (ATTRwt-CA) occurs at a high prevalence in older patients

with left ventricular (LV) hypertrophy. However, detecting ATTRwt-CA using echocardiography is challenging.

OBJECTIVES This study identified echocardiographic findings characterizing ATTRwt-CA compared with monoclonal

immunoglobulin light chain cardiac amyloidosis (CA) and hereditary transthyretin CA.

METHODS We conducted a multicenter, retrospective study on the echocardiographic findings characterizing

ATTRwt-CA. J-CASE (Japan Cardiac Amyloidosis Survey of typical Echocardiographic findings) analyzed echocardio-

graphic data in 311 patients with histologically proven amyloid deposition in the myocardium and diagnosis of

transthyretin CA or monoclonal immunoglobulin light chain CA.

RESULTS Among the cohort, 172 patients (55.3%) were diagnosed with ATTRwt-CA. A multiple discriminant analysis

revealed that LV hypertrophy with a more extensive LV mass index but relatively modest interventricular septum

thickening and enlargement of maximal papillary muscle diameter were significant echocardiographic findings

characterizing ATTRwt-CA. In addition to the patient backgrounds such as advanced age, male sex, concomitant diabetes

mellitus, hyperlipidemia, carpal tunnel syndrome, and paroxysmal atrial fibrillation, the discriminant model, including

these echocardiographic findings showed significant discriminant power of ATTRwt-CA from the other subtypes (83.8%

accuracy with 86.0% positive predictive value and 81.4% negative predictive value, when the sensitivity and specificity

are at their maximum values of the model).

CONCLUSIONS In the J-CASE data set, LV hypertrophy with a more extensive LV mass index but relatively modest

interventricular septum thickening and enlargement of papillary muscle diameter significantly characterized ATTRwt-CA.

These findings may lead to more accurate screening echocardiography for diagnosing ATTRwt-CA and motivate the

subsequent comprehensive clinical diagnostic process, including multimodality imaging. (JACC Asia. 2025;5:633–646)
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C ardiac amyloidosis (CA) is an infil-
trative cardiomyopathy caused by
amyloid deposition in the myocar-

dium. Two protein precursors are known to
be the primary causes of CA: monoclonal
immunoglobulin light chain amyloidosis
(AL), which is produced by bone marrow
plasma cells, and transthyretin (TTR), which
is synthesized primarily by the liver.1,2 The
amyloidosis caused by amyloid transthyretin
(ATTR) is further subtyped into wild-type
transthyretin (ATTRwt) or hereditary/variant
transthyretin (ATTRv) based on genetic vari-
ants in the TTR gene.3 Significant manage-
ment issues in CA are that the prognosis
remains poor for both AL- and ATTR-CA. Un-
treated AL-CA has an average survival
of <6 months, and ATTRwt-CA has a
reported survival of 2 to 3 years after diag-
nosis.4,5 Recently, the ATTR-ACT (Transthyr-
etin Amyloidosis Cardiomyopathy Clinical Trial)
showed that administration of tafamidis for ATTR-
CA was associated with reductions in all-cause mor-
tality and cardiovascular-related hospitalizations
compared with placebo,6 making it an important
treatment option for patients with ATTRwt-CA.

According to previous reports, ATTRwt-CA is more
common than generally thought, with a prevalence as
high as 10% in older patients with left ventricular (LV)
hypertrophy, 14% in patients with heart failure with
preserved ejection fraction, and up to 15% in older
patients with aortic stenosis.7,8 ATTRwt-CA is a crucial
background disease for differential diagnosis of heart
failure in older patients, because it is a late-onset
disease. However, detecting ATTRwt-CA remains a
significant challenge, and several researchers have
discussed the early clinical signs and associated
features of ATTRwt-CA, proposing a diagnostic algo-
rithm.9-11 Besides, the usefulness of technetium-99m-
pyrophosphate or hydroxymethylene diphosphonate
myocardial scintigraphy in diagnosing ATTRwt-CA
has been demonstrated with high diagnostic
sensitivity and specificity. If AL-CA can be ruled out
in the patients suspected of CA, the diagnostic
sensitivity and specificity will be even higher.9

Therefore, the key to diagnosing ATTRwt-CA is first
to suspect CA, then rule out AL-CA using screening
s attest they are in compliance with human studies committe

and Food and Drug Administration guidelines, including patien

thor Center.
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a monoclonal component in serum or urine, and
finally perform technetium-99m-pyrophosphate or
hydroxymethylene diphosphonate myocardial scin-
tigraphy on the patients suspected of CA. In any
diagnostic proposal, echocardiography, which is at
the forefront of solving this problem, holds great
promise. However, echocardiographic assessment
still does not play a sufficient role in its diagnostic
process.12 A thorough knowledge of the echocar-
diographic findings characteristic of ATTRwt-CA
would lead to more accurate screening echocardi-
ography for diagnosing ATTRwt-CA and motivate
the subsequent diagnostic process.

Therefore, we conducted a multicenter, retro-
spective study on the echocardiographic findings
characterizing ATTRwt-CA by analyzing the echocar-
diographic data in patients with histologically proven
amyloid deposition in the myocardium. This study
aimed to identify echocardiographic findings that
differentiate ATTRwt-CA from AL- and ATTRv-CA.

METHODS

STUDY COHORT AND DATA COLLECTION. J-CASE
(Japan Cardiac Amyloidosis Survey of typical Echo-
cardiographic findings) is a multicenter retrospective
cohort study with 18 participating institutions in
Japan. From 2000 to 2020, 359 patients with histo-
logical amyloid deposition suspected of CA were
screened. After excluding 35 patients because of only
histologically proven amyloid deposition other than
in the myocardium, we evaluated 324 patients with
histologically proven amyloid deposition in the
myocardium by myocardial biopsy. The subtype
classification of CA was determined based on amyloid
immunostaining. ATTR-CA patients with confirmed
TTR gene abnormalities were also classified as having
ATTRv-CA. We excluded 13 patients with subtypes of
CA other than AL- and ATTR-CA (4 cases, amyloid A
amyloidosis; 1 case, b2-microglobulin-related
amyloidosis; 1 case, isolated atrial amyloidosis; 3
cases with 2 or more mixed subtypes; 4 cases with a
difficult immunological diagnosis). Therefore, we
enrolled 311 patients in this study (Figure 1). We
gathered information on the patients’ characteristics,
including age, gender, body mass index, heart failure
symptoms indicated by the NYHA functional
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,
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FIGURE 1 Case Inclusion in the Study Cohort

In this multicenter retrospective cohort study with 18 participating institutions in Japan,

359 patients from 2000 to 2020 with histological amyloid deposition suspected of

cardiac amyloidosis (CA) were screened. After excluding 35 patients caused by only

histologically proven amyloid deposition other than in the myocardium, we evaluated

324 patients with histologically proven amyloid deposition in the myocardium by

myocardial biopsy. The subtype classification of CA was determined based on amyloid

immunostaining. Transthyretin cardiac amyloidosis (ATTR-CA) patients with confirmed

TTR gene abnormalities were also classified as having hereditary/variant transthyretin

cardiac amyloidosis (ATTRv-CA). We excluded 13 patients with subtypes of CA other

than monoclonal immunoglobulin light chain cardiac amyloidosis (AL-CA) and ATTR-CA;

therefore, we enrolled 311 patients in this study. ATTRwt-CA ¼ wild-type transthyretin

cardiac amyloidosis.
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classification, basic cardiac rhythm, comorbidities,
and brain natriuretic peptide (BNP) levels at the
time of histological diagnosis of CA as the baseline
for this study. In addition, 2-dimensional echocar-
diographic images taken at an acceptable range of
1 month before and after baseline were collected in
DICOM format and analyzed in the core laboratory
using TOMTEC-ARENA 4.6 (TomTec Imaging Sys-
tems). This retrospective study was conducted in
accordance with the Declaration of Helsinki, and it
received approval from the Institutional Review
Boards and Ethics Committees at all sites. We
adopted an opt-out approach to notify eligible pa-
tients of the research use of their information
before enrollment.

ACQUISITION OF ECHOCARDIOGRAPHY. Following the
recommendations on echocardiographic assessment
from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging
(ASE/EACVI),13-18 skilled sonographers blinded to the
patient’s information evaluated the available
M-mode, B-mode, color, pulsed-, and continuous-
wave Doppler; tissue Doppler; and speckle tracking
imaging data for each patient. They measured cardiac
chamber size; left ventricular ejection fraction (LVEF)
using the Simpson biplanar method; LV diastolic
functions following the grading algorithm of the 2016
ASE/EACVI recommendations using the mitral flow
velocities of E and A waves, mitral annular e0 velocity,
E/e0 ratio, peak velocity of tricuspid regurgitation
velocity, and left atrial (LA) maximum volume index;
right ventricular (RV) functions, including RV frac-
tional area change, tricuspid annular plane systolic
excursion, and RV free-wall strain; and LA reservoir,
conduit, and booster strains using apical 4-chamber
view and R to R gating of the cardiac cycle on elec-
trocardiography. Stroke volume was calculated using
the LV outflow tract diameter and flow velocity time
integral. Sigmoid septum was defined as basal inter-
ventricular septum (IVS) hypertrophy (interventric-
ular septum thickness [IVST] $13 mm for
men, $12 mm for women) and <120� angle from the
anterior wall of the aorta to the IVS surface in a par-
asternal long-axis image. The presence of a granular
sparkling appearance, which is attributed to
increased echogenicity because of the deposition of
amyloid,19 was determined by 2 skilled sonographers
on the same image. Significant pericardial effusion
was present if the pericardial cavity was enlarged
>10 mm at end-diastole at the papillary muscle level
of the parasternal short-axis image. Regarding the
severity of valvular disease, significant valvular dis-
ease was defined as more than moderate based on the
Japanese guidelines for the treatment of valvular
disease.20 A mitral annulus calcification was consid-
ered significant if it was present in more than one-
half of the mitral annulus. The maximum mitral
valve thickness at the mitral valve opening in the
parasternal long-axis image was used for mitral valve
thickness. For the size of the mitral papillary muscle,
the largest diameter of the anterior or posterior



TABLE 1 Comparison of Clinical Backgrounds Among the 3 Groups

ATTRwt-CA
(n ¼ 172)

AL-CA
(n ¼ 98)

ATTRv-CA
(n ¼ 41) P Value

Age, y 77 � 6a,b 66 � 10 62 � 14 <0.001

Male, % 146/172 (84.9)a,b 60/98 (61.2) 23/41 (56.1) <0.001

BSA, m2 1.62 � 0.15 1.61 � 0.17 1.59 � 0.17 0.681

NYHA functional class $II 135/158 (85.4) 76/89 (85.4) 12/17 (70.6) 0.263

Non–sinus rhythm, % 55/169 (32.5)a,b 8/98 (8.2) 9/41 (22.0) <0.001

Comorbidity, %

Hypertension 95/172 (55.2)a,b 34/98 (34.7) 7/41 (17.1) <0.001

Diabetes mellitus 43/172 (25.0)a,b 14/98 (14.3) 3/41 (7.3) 0.011

Hyperlipidemia 52/172 (30.2)a,b 17/98 (17.3) 3/41 (7.3) 0.002

History of CAD 13/172 (7.6) 4/98 (4.1) 0/41 (0.0) 0.123

History of stroke 3/172 (11.1) 7/98 (17.9) 4/41 (33.3) 0.172

On hemodialysis 4/172 (2.3) 4/98 (4.1) 1/41 (2.4) 0.698

Carpal tunnel syndrome 59/172 (34.3)a,b 7/98 (7.1) 7/40 (17.5) <0.001

Paroxysmal AF 57/172 (33.1)a,b 15/98 (15.3) 3/41 (7.3) <0.001

Ventricular arrhythmia 21/171 (12.3) 11/98 (11.2) 0/41 (0.0) 0.063

Bradyarrhythmia 23/172 (13.4) 13/98 (13.3) 7/41 (17.1) 0.811

Laboratory data

Log BNP, pg/mL 5.65 � 0.75a,b 6.05 � 1.22b 4.48 � 1.13 <0.001

Values are mean � SD or n/N (%). avs monoclonal immunoglobulin light chain cardiac amyloidosis (AL-CA); P <

0.05. bvs hereditary/variant transthyretin cardiac amyloidosis (ATTRv-CA); P < 0.05.

AF ¼ atrial fibrillation; ATTRwt/v ¼ wild-type transthyretin cardiac amyloidosis; BNP ¼ brain natriuretic
peptide; BSA ¼ body surface area; CA ¼ cardiac amyloidosis; CAD ¼ coronary artery disease.
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papillary muscles was adopted in the image where the
papillary muscle could best be observed in the para-
sternal short-axis image. Finally, the relative apical
sparing pattern of the basal and mid-segmental lon-
gitudinal strain (LS) to the apical LS in the LV was
evaluated by the apical-sparing index, which was
defined as follows: average apical LS/(average basal
LS þ average mid-LS).21

STATISTICAL ANALYSIS. Continuous data are pre-
sented as the mean � SD, although BNP levels were
expressed in natural logarithms, and categorical var-
iables were summarized as frequencies and percent-
ages. Continuous variables were compared among the
3 groups using 1-way analysis of variance (ANOVA)
when normality was found in each group by the
Shapiro-Wilk test. When normality was not found, the
Kruskal-Wallis test was used for the comparison. Post
hoc testing was conducted when a significant differ-
ence was found in the 3 groups’ comparisons by 1-way
ANOVA or Kruskal-Wallis methods. The post hoc
testing that followed the 1-way ANOVA was con-
ducted using the Tukey method when homogeneity
of variance was assumed and the Tamhane method
when homogeneity was not. Besides, the post hoc
testing that followed the Kruskal-Wallis methods was
carried out by the Dunn-Bonferroni method with
correction for multiple tests. The categorical variables
were compared by Pearson’s chi-square test or Fisher
exact test. P < 0.05 was considered significant. We
used a multiple discriminant analysis to determine
the clinical backgrounds and echocardiographic
findings that differentiate ATTRwt-CA from AL- and
ATTRv-CA. In univariate discriminant analysis, we
selected clinical backgrounds and echocardiographic
findings with high discriminant probability
(Z value $55%). Then, we examined discriminant
factors differentiating ATTRwt-CA from the other
subtypes in a multiple discriminant analysis using a
step-wise procedure. In addition, we provided a
figure showing a diagnostic performance plot
(DP-plot) of the model with discriminant factors with
F-value $2.0 in the multiple discriminant analysis.
And then, we provided the receiver-operating char-
acteristic curve of the model at the optimal discrimi-
nant score where the theoretical sensitivity and
specificity match. All statistical analyses were per-
formed in SPSS version 29.0 software (SPSS Japan Inc)
and R statistical software (R Foundation for Statistical
Computing).

RESULTS

PATIENT CHARACTERISTICS. Of 359 patients sus-
pected of CA, 44.8% (n ¼ 161) were mainly suspected
because of LV hypertrophy, 44.3% (n ¼ 159) because
of congestive heart failure, and 8.4% (n ¼ 30) because
of arrhythmic episodes. A total of 311 patients histo-
logically proven to have AL-CA (n ¼ 98, 31.5%),
ATTRwt-CA (n ¼ 172, 55.3%), or ATTRv-CA (n ¼ 41,
13.2%) were enrolled in this study (Figure 1). The
mean patient age was 72 years, and 73.6% were men.
More than 70% (71.7%) of the patients had heart
failure symptoms (the NYHA functional class $II),
median BNP levels were 295.1 pg/mL, and the mean
LVEF was 49.0%. A comparison of patient character-
istics among the 3 groups is provided in Table 1.
Compared with the AL- and ATTRv-CA groups, the
ATTRwt-CA group was significantly older and more
likely to be men. They also more frequently presented
with non–sinus rhythm and hypertension, diabetes
mellitus, hyperlipidemia, carpal tunnel syndrome, or
paroxysmal atrial fibrillation as comorbidities.
Furthermore, the ATTRwt-CA group had significantly
higher BNP levels than the ATTRv-CA group but lower
levels than the AL-CA group.

ECHOCARDIOGRAPHIC FINDINGS CHARACTERIZING

ATTRwt-CA. Echocardiographic findings associated
with LV morphological changes, LV function param-
eters, morphological and functional changes in the
RV and both atria, and degeneration of heart valves in
CA were investigated and compared between



TABLE 2 Comparison of Echocardiographic Parameters Among the 3 Groups

ATTRwt-CA
(n ¼ 172)

AL-CA
(n ¼ 98)

ATTRv-CA
(n ¼ 41) P Value

LV volume and hypertrophy

LVDD, mm 41.5 � 6.5 40.0 � 6.0 40.4 � 4.4 0.111

LVDS, mm 31.9 � 6.9a,b 28.4 � 6.6 28.5 � 4.9 <0.001

IVST, mm 15.1 � 3.1a 13.7 � 3.0 14.9 � 3.4 0.003

IVST/PWT ratio 0.96 � 0.16b 0.98 � 0.17b 1.09 � 0.17 <0.001

PWT, mm 16.0 � 3.5a,b 14.2 � 3.0 13.8 � 3.1 <0.001

LVEDVI, mL/m2 53.8 � 18.0 54.2 � 17.7 54.4 � 19.3 0.971

LVESVI, mL/m2 29.0 � 13.8 27.8 � 12.9 25.4 � 11.8 0.302

LVMI, g/m2 163.7 � 51.6a,b 129.8 � 32.5 142.1 � 42.7 <0.001

RWT 0.80 � 0.25b 0.74 � 0.22 0.70 � 0.19 0.016

Normal LV wall thicknessc 11/170 (6.5)a 17/95 (17.9) 6/41 (14.6) 0.013

Sigmoid septum 37/171 (21.6) 19/97 (19.6) 4/41 (9.8) 0.225

Granular sparkling 140/170 (82.4) 71/97 (73.2) 34/41 (82.9) 0.172

Pericardial effusion 12/171 (7.0) 7/96 (7.3) 3/41 (7.3) 0.995

LV function

LVEF, % 47.4 � 11.5b 49.8 � 11.2 53.8 � 10.9 0.004

SV index, mL/m2 32.1 � 11.0b 32.5 � 13.8b 35.7 � 8.1 0.026

E-wave, cm/s 79.2 � 22.2 86.0 � 25.8b 74.6 � 23.2 0.017

A-wave, cm/sd 56.6 � 28.8b 59.4 � 26.1b 75.5 � 23.7 0.001

Duration of A-wave, ms 156.3 � 37.7 151.4 � 33.4 155.1 � 34.4 0.413

Deceleration time of E-wave, ms 188.6 � 58.7b 191.8 � 66.0 228.7 � 86.6 0.002

E/Ad 1.82 � 1.29b 1.77 � 1.09b 1.15 � 0.75 0.001

e0 sep, cm/s 3.7 � 1.2a,b 4.3 � 1.5 4.7 � 1.8 <0.001

e0 late, cm/s 5.2 � 1.9b 5.2 � 1.9b 6.7 � 3.1 0.024

a0 sep, cm/s 4.4 � 2.0b 5.2 � 2.6b 6.7 � 2.6 <0.001

a0 late, cm/s 4.8 � 2.1a,b 6.0 � 3.0 6.6 � 2.7 0.013

s0 sep, cm/s 4.5 � 1.7a,b 5.8 � 1.9 5.4 � 1.7 <0.001

s0 late, cm/s 5.3 � 1.7a 6.4 � 2.7 6.4 � 2.4 0.001

E/e0 average 19.6 � 8.8 20.2 � 10.6 15.4 � 6.5 0.172

LV diastolic dysfunctione 79/128 (61.7) 57/87 (65.5) 16/37 (43.2) 0.061

LV longitudinal strain

Global, % �10.1 � 3.6b �10.6 � 4.4b �14.2 � 4.0 <0.001

Base, % �6.2 � 3.6b �7.2 � 4.5b �10.9 � 4.4 <0.001

Mid, % �8.7 � 3.9b �9.7 � 4.8b �13.4 � 4.7 <0.001

Apex, % �14.7 � 6.0b �14.3 � 6.1b �18.4 � 6.3 0.001

Apical sparing index 1.14 � 0.63b 0.99 � 0.63 0.81 � 0.29 0.003

LV circumferential strain

Global, % �18.6 � 7.0b �20.7 � 7.2 �21.9 � 5.5 0.010

Base, % �12.8 � 7.3a,b �17.2 � 8.4 �18.1 � 5.3 <0.001

Mid, % �18.6 � 7.3a,b �20.9 � 7.1 �23.5 � 6.1 <0.001

Apex, % �22.9 � 9.7 �24.1 � 9.4 �23.5 � 8.0 0.660

RV volume and function

RVDD base, mm 36.3 � 6.9a 33.9 � 6.7 34.9 � 7.1 0.028

RVDD mid, mm 26.5 � 5.3 24.9 � 5.9 24.9 � 5.1 0.046

RVDD longitudinal, mm 68.3 � 10.8 65.9 � 9.9b 71.4 � 11.9 0.023

RVWT, mm 5.3 � 1.6b 5.3 � 1.5b 4.0 � 1.4 <0.001

RVEDA, cm2 17.2 � 4.5 16.9 � 6.3 16.5 � 3.8 0.746

RVESA, cm2 11.8 � 3.8 11.6 � 5.1 10.8 � 3.6 0.381

RVFAC, % 31.4 � 10.6 32.4 � 9.6 35.3 � 12.4 0.130

TAPSE, mm 14.3 � 5.1 15.6 � 4.9 15.5 � 4.4 0.459

RVFWS, % �13.0 � 5.5b �14.0 � 6.0b �17.3 � 6.8 0.001

Continued on the next page
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TABLE 2 Continued

ATTRwt-CA
(n ¼ 172)

AL-CA
(n ¼ 98)

ATTRv-CA
(n ¼ 41) P Value

Atrial volume and function

LAD, mm 41.3 � 6.9a,b 39.1 � 7.2 36.5 � 6.4 <0.001

LAVI, mL/m2 47.9 � 16.8a 42.3 � 17.2 41.0 � 13.7 0.010

RAESA, cm2 19.4 � 6.3a,b 17.5 � 6.7 16.4 � 4.8 0.003

IAST, mm 8.4 � 2.6 8.0 � 2.7 7.1 � 2.2 0.131

LA strain

Reservoir, % 13.0 � 7.0b 15.3 � 8.0b 21.2 � 9.4 <0.001

Conduit, % 8.7 � 4.1b 9.3 � 5.0b 12.7 � 6.1 <0.001

Booster, % 6.0 � 5.1b 6.4 � 4.7b 9.7 � 5.9 <0.001

Valvular disease

$moderate AS 14/171 (8.2)a 0/95 (0.0) 0/41 (0.0) 0.003

$moderate AR 10/172 (5.8) 1/95 (1.1) 0/41 (0.0) 0.056

$moderate MS 1/172 (0.6) 0/96 (0.0) 0/41 (0.0) 0.671

$moderate MR 35/172 (20.3)b 11/96 (11.5) 1/41 (2.4) 0.008

MAC 1/172 (0.6) 1/96 (1.0) 1/41 (2.4) 0.550

MV thickness, mm 3.3 � 1.1b 3.2 � 1.2b 2.7 � 0.7 0.006

Papillary muscle, mm 13.5 � 3.2a 11.8 � 2.6 12.6 � 2.5 0.001

Values are mean � SD or n/N (%). avs AL-CA; P < 0.05. bvs ATTRv-CA; P < 0.05. cboth IVST and PWT were #12 mm. dData of 239 patients, excluding 2 patients because of
unavailability of transmitral flow images, and 70 patients because of rhythms other than sinus. eLV diastolic dysfunction grade II or III.

AR¼ aortic regurgitation ; AS¼ aortic stenosis; E/A¼ the ratio between E-wave and A-wave of transmitral flow velocity; E/e0 ¼ ratio between early mitral inflow velocity and
mitral annular early diastolic velocity; IAST ¼ interatrial septum thickness; IVST ¼ interventricular septal thickness; LAD ¼ left atrial dimension; LAVI ¼ left atrial volume index;
LVDD ¼ left ventricular end-diastolic diameter; LVDS ¼ left ventricular end-systolic diameter; LVEDVI ¼ left ventricular end-diastolic volume index; LVEF ¼ left ventricular
ejection fraction; LVESVI ¼ left ventricular end-systolic volume index; LVMI ¼ left ventricular mass index; MAC ¼ mitral annular calcification; MR ¼ mitral regurgitation;
MS¼mitral stenosis; MV ¼mitral valve; PWT¼ posterior wall thickness; RAESA¼ right atrial end-systolic area; RVDD¼ right ventricular end-diastolic diameter; RVEDA¼ right
ventricular end-diastolic area; RVESA ¼ right ventricular end-systolic area; RVFAC ¼ right ventricular fractional area change; RVFWS ¼ right ventricular free-wall strain;
RVWT ¼ right ventricular wall thickness at the base of the tricuspid valve in the long-axis image; RWT ¼ relative wall thickness; TAPSE ¼ tricuspid annular plane systolic
excursion.
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ATTRwt-CA and the other subtype of CA. Detailed
values and comparative results for the echocardio-
graphic findings are provided in Table 2.

Important points to note: compared with the
AL-CA group (Figure 2), the ATTRwt-CA group
showed significant LV hypertrophy with significantly
larger IVST, posterior wall thickness (PWT), and LV
mass index; mitral papillary muscle hypertrophy with
significantly larger maximal muscle diameter;
enlargement of RV with larger basal RV end-diastolic
diameter; and both atrial sizes with significantly
larger LA volume index and RA end-systolic area.
Notably, compared with those with AL-CA, a signifi-
cantly smaller proportion presented normal LV wall
thickness (IVST and PWT #12 mm). The LV systolic
and diastolic function parameters and LA strain pa-
rameters were not different from those of the AL-CA
group. In contrast, their apical-sparing index tended
to be higher than the AL-CA group.

Besides, compared with the ATTRv-CA group, the
ATTRwt-CA group also showed significant ventricular
hypertrophy with significantly larger PWT, LV mass
index, relative wall thickness, and RV wall thickness,
and enlargement of both atrial sizes with significantly
larger LA diameter and RA end-systolic area. Notably,
more significant LV asymmetry was observed in the
ATTRv-CA group than in theirs. Regarding LV systolic
and diastolic function parameters, they had signifi-
cantly lower LVEF levels and stroke volume index.
They also had a significantly lower Awave, resulting in
a higher E/A ratio. Besides, the deceleration time of
the E wave was significantly shorter in the ATTRwt-CA
group. In contrast, the E/e0 ratio difference did not
reach significance between the 2 groups. The propor-
tion of patients with LV diastolic dysfunction grade 2
or 3 showed a tendency to be higher than the ATTRv-
CA group but did not reach statistical significance.

Regarding whole strain parameters, LV LS and
circumferential strains, LA strains, and RV free-wall
strains were significantly reduced in the ATTRwt-CA
group. However, in this study, the mean age of the
ATTRwt-CA group was significantly higher than the
other 2 groups (age 77 � 6 years vs 66 � 10 years in AL-
CA and 62 � 14 years in ATTRv-CA) (Table 1), which
may be related to the reduced strain values in the
ATTRwt-CA group. Regarding the apical-sparing in-
dex, they showed a significantly higher index than
the ATTRv-CA group. Besides, they showed a signif-
icantly increased mitral valve thickness and a higher
concurrence rate of more than moderate mitral



FIGURE 2 Comparison of Echocardiographic Findings Between ATTRwt-CA and AL-CA

Typical echocardiographic findings of ATTR-CA and AL-CA are shown. Compared with the AL-CA group, the ATTRwt-CA group showed significant left ventricular

hypertrophy with significantly larger interventricular septum thickness, posterior wall thickness, and left ventricular mass index (A vs G); mitral papillary muscle

hypertrophy with significantly larger maximal muscle diameter (B vs H); enlargement of right ventricle with larger basal right ventricular end-diastolic diameter (C vs I)

but no significant difference in right ventricular wall thickness (E vs K); and both atrial sizes with significantly larger left atrial volume index and right atrial end-systolic

area (D vs J). Notably, compared with those with AL-CA, a significantly smaller proportion presented normal left ventricular wall thickness (interventricular septum

thickness and posterior wall thickness # 12 mm) (A vs G). The left ventricular systolic and diastolic function parameters and left atrial strain parameters were

not different from those of the AL-CA group. In contrast, their apical-sparing index tended to be higher than the AL-CA group (F vs L). Abbreviations as in Figure 1.

AL-CA ¼ monoclonal immunoglobulin light chain cardiac amyloidosis; ATTRv-CA ¼ hereditary/variant transthyretin cardiac amyloidosis; ATTRwt-CA ¼ wild-type

transthyretin cardiac amyloidosis; BNP ¼ brain natriuretic peptide ; IVST ¼ interventricular septum thickness; LA ¼ left atrial; LVEF ¼ left ventricular ejection fraction;

LVMI ¼ left ventricular mass index; PWT ¼ posterior wall thickness; RV ¼ right ventricular.
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regurgitation but no difference in maximal mitral
papillary muscle diameter.

ECHOCARDIOGRAPHIC PARAMETERS DIFFERENTIATING

ATTRwt-CA FROM OTHER SUBTYPES OF CA.

Univariate discriminant analysis revealed that
advanced age, male sex, non–sinus rhythm, and
comorbidities such as hypertension, diabetes melli-
tus, hyperlipidemia, carpal tunnel syndrome, and
paroxysmal atrial fibrillation showed a significant
discriminant power differentiating ATTRwt-CA from
the other subtypes. Regarding echocardiographic pa-
rameters, thickening of IVS and PW, increased left
ventricular mass index (LVMI), higher apical sparing
index, concomitant more than moderate mitral
regurgitation, and enlargement of maximum papil-
lary muscle diameter also showed significant
discriminant power (Table 3). Then, the multiple
discriminant analysis including these parameters
demonstrated that advanced age, male sex, diabetes
mellitus, hyperlipidemia, carpal tunnel syndrome,
and paroxysmal atrial fibrillation as patient back-
grounds, larger LVMI but relatively modest IVS
thickening, and papillary muscle hypertrophy as
echocardiographic findings had significant discrimi-
nant power (Table 3). In addition, we provided a
figure showing a DP-plot of the discriminant model of
ATTRwt-CA, including these parameters with F-
value $2.0 in the multiple discriminant analysis
(Figure 3A). According to the DP-plot figure, when the
sensitivity and specificity are at their maximum
values, the discriminant model demonstrated 83.8%
discriminant accuracy with 86.0% positive predictive
value and 81.4% negative predictive value. (At this



TABLE 3 Parameters Associated With the Diagnosis of ATTRwt-CA

Multiple Discriminant Analysis

F-Value
Discriminant Coefficient

(95% CI) P Value

Age, y 79.4 0.166 (0.129-0.203) <0.001

Male 11.2 1.487 (0.613-2.360) <0.001

Non-sinus rhythm <2.0

Hypertension <2.0

Diabetes mellitus 5.1 1.098 (0.139-2.058) 0.025

Hyperlipidemia 2.8 0.741 (�0.131 to 1.614) 0.095

Carpal tunnel syndrome 19.9 1.954 (1.092-2.817) <0.001

Paroxysmal AF 3.1 0.775 (�0.089 to 1.639) 0.078

IVST, mm 4.5 �0.185 (�0.357 to �0.013) 0.035

PWT, mm <2.0

LVMI,g/m2 7.8 0.017 (0.005-0.029) <0.001

Apical sparing index <2.0

$Moderate MR <2.0

Maximal papillary muscle diameter, mm 3.2 0.114 (�0.012 to 0.241) 0.075

Abbreviations as in Tables 1 and 2.
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point, the theoretical sensitivity, specificity, and
accuracy are the same.) In addition, we provided the
receiver-operating characteristic curve at the optimal
discriminant score where the theoretical sensitivity
and specificity match (Figure 3B). When the discrim-
ination score was 0.463, this model showed an AUC of
0.922 (95% CI: 0.890 to 0.954) with a sensitivity of
85.0% and a specificity of 86.6%.

DISCUSSION

The current multicenter CA survey analyzing the
echocardiographic data of patients with histologically
proven amyloid deposition within the myocardium
demonstrated 3 major findings characterizing
ATTRwt-CA. First, compared with patients with AL-
or ATTRv-CA, those with ATTRwt-CA were older and
more frequently men. They also more frequently
presented with non–sinus rhythm and hypertension,
diabetes mellitus, hyperlipidemia, carpal tunnel
syndrome, or paroxysmal atrial fibrillation as comor-
bidities. Second, regarding echocardiographic find-
ings, thickening of IVS and PW, increased LVMI,
higher apical sparing index, concomitant more than
moderate mitral regurgitation, and enlargement of
maximum papillary muscle diameter were character-
izing ATTRwt-CA. Finally, the multiple discriminant
analysis including these patient backgrounds and
echocardiographic findings characterizing ATTRwt-
CA demonstrated that the patient backgrounds
(advanced age, male sex, concomitant diabetes
mellitus, hyperlipidemia, carpal tunnel syndrome,
and paroxysmal atrial fibrillation) and the echocar-
diographic findings (increased LVMI but relatively
modest IVS thickening and papillary muscle hyper-
trophy) showed significant discriminant power
differentiating ATTRwt-CA from AL- and ATTRv-CA.
(Central Illustration).

In this study, we found 3 impressive echocardio-
graphic findings that characterize ATTRwt-CA.
Although LV hypertrophy and relative apical sparing
pattern of LS in LV were well-known for identifying
CA,9,22,23 we found the differences in these findings
existed among subtypes of CA and helped differen-
tiate ATTRwt-CA from other subtypes. We also
showed that advanced age, male sex, and carpal
tunnel syndrome characterize ATTRwt-CA.9-11,24,25

With regard to echocardiographic findings, LV hy-
pertrophy is the most common finding for patients
with CA.22 The ventricular walls are affected by am-
yloid deposition and decreased intracardiac volumes,
resulting in nondilated concentric hypertrophy. In
the current cohort, LV hypertrophy with increased
IVST and PWT, increased RWT, and increased LVMI
was documented. Patients with ATTRwt-CA pre-
sented more intense LV hypertrophy compared with
patients with AL- and ATTRv-CA. Increased LVMI was
a strongly characteristic finding of ATTRwt-CA in the
multiple discriminant analysis. This finding, consis-
tent with previous reports,26,27 highlights the
dissimilarity in LV wall thickness, with ATTR-CA be-
ing thicker than AL-CA. In contrast, one-third of pa-
tients with AL-CA were reported to have a normal LV
wall thickness (#12 mm),28 which suggests that am-
yloid deposition is not the only cause of LV hyper-
trophy. In the current study, 17.9% of patients with
AL-CA, but only 6.5% of those with ATTRwt-CA had
normal LV wall thickness in regard to both IVST and
PWT. Previous reports demonstrated that asymmet-
rical septal hypertrophy is often noted in ATTR-CA.29

We evaluated asymmetrical septal hypertrophy by
calculating the ratio of IVST to PWT and compared the
ratio among the 3 subtypes of CA. Patients with
ATTRv-CA had a significantly higher ratio than the
others, but no difference was found between those
with AL-CA and those with ATTRwt-CA.

Amyloid deposits in CA can involve the LV and RV
walls, the interatrial septum wall, and heart valves. If
the thickness of the RV wall is >5 mm, the amyloid
deposits may affect the right ventricle. If the intera-
trial septum wall has a thickness >5 mm, the amyloid
deposits may involve the atria.8,30 In the current
cohort, cardiac hypertrophic remodeling was also



FIGURE 3 Diagnostic Performance of the Discriminant Model of ATTRwt-CA

(A) This figure shows a diagnostic performance plot (DP-plot) of the model with discriminant factors with F-value $2.0 in the multiple

discriminant analysis. The DP-plot diagram demonstrates the sensitivity (red dot) and the specificity (blue dot) when the threshold value is

changed from the minimum to the maximum value of the actual data and the theoretical sensitivity (red line), specificity (blue line), and

discriminant accuracy (green line) when it is assumed that the data of the 2 groups are normally distributed. When the sensitivity and

specificity are at their maximum values (black arrow), the discriminant model demonstrated 83.8% discriminant accuracy with 86.0%

positive predictive value and 81.4% negative predictive value. (In this point, the theoretical sensitivity, specificity, and discriminant accuracy

are the same.) (B) The receiver-operating characteristic (ROC) curve at the optimal discriminant score where the theoretical sensitivity and

specificity match. The actual ROC curve from the minimum to the maximum value of the discrimination score is shown as a solid black line,

and the theoretical ROC curve is shown as a dashed black line. When the discrimination score was 0.463, this model showed an area under

the curve (AUC) of 0.922 (95% CI: 0.890-0.954) with a sensitivity of 85.0% and a specificity of 86.6%. AF ¼ atrial fibrillation;

AC ¼ accuracy curve; SN ¼ theoretical sensitivity curve; SP ¼ theoretical specificity curve.
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CENTRAL ILLUSTRATION Echocardiographic Features of Wild-Type Transthyretin
Cardiac Amyloidosis
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J-CASE (Japan Cardiac Amyloidosis Survey of typical Echocardiographic findings) analyzed echocardiographic data in 311 patients with his-

tologically proven amyloid deposition in the myocardium and diagnosis of transthyretin cardiac amyloidosis or monoclonal immunoglobulin

light chain cardiac amyloidosis to investigate the echocardiographic findings characterizing wild-type transthyretin cardiac amyloidosis

(ATTRwt-CA). The multiple discriminant analysis revealed that, in addition to the patient background, such as advanced age, male sex,

diabetes mellitus, hyperlipidemia, carpal tunnel syndrome, and paroxysmal atrial fibrillation, the study found that echocardiographic

findings of left ventricular hypertrophy with increased left ventricular mass index (LVMI) but relatively modest interventricular septum

thickness (IVS) thickening, and enlargement of maximal papillary muscle diameter demonstrated discriminant power of ATTRwt-CA from

monoclonal immunoglobulin light chain cardiac amyloidosis and hereditary/variant transthyretin cardiac amyloidosis. According to the figure

showing a diagnostic performance plot of the discriminant model of ATTRwt-CA including these parameters, when the sensitivity and

specificity are at their maximum values, the discriminant model demonstrated 83.8% discriminant accuracy with 86.0% positive predictive

value and 81.4% negative predictive value.
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noted in the RV wall, interatrial septum wall, and
heart valves. Among these findings, mitral papillary
muscle hypertrophy was more common in patients
with ATTRwt-CA than the other 2 groups and, thus,
was an important finding characterizing ATTRwt-CA.
Although mitral papillary muscle hypertrophy was
reported as a valuable finding in distinguishing Fabry
disease from other diseases presenting with LV
hypertrophy,31 there are few reports of this finding
characterizing CA. Our research, however, has
unveiled its potential in distinguishing subtypes of
CA, marking a significant finding that has not yet
been reported.

Progressive amyloid deposits prolong LV relaxa-
tion in the early stages and increase LV filling
pressures with a compensatory LA pressure eleva-
tion in the late stages. As the disease advances,
more significant amyloid deposits result in a highly
rigid ventricular structure, restricting LV filling. In
parallel, LV contractility is reduced, and a decrease
in the LVEF is eventually noted. Previous reports
have shown a decrease in LVEF to #40% in 30% to
50% of ATTRwt-CA patients at diagnosis.5,26 In the
current study, the mean LVEF for patients with
ATTRwt-CA was 47.4 � 11.5%, and 25.6% of these
patients had an LVEF #40% at the time of diag-
nosis. This reduction in the LVEF is a crucial
echocardiographic finding suggesting a more severe
CA.5 Along with LV remodeling, progressive amyloid
deposition in the atria results in compensatory
remodeling that further increases LV filling
pressures with progressive LA dysfunction. This
study noted increased E/A and E/e0 ratios, enlarged
LA volumes, and impaired LA strain parameters,
especially in ATTRwt- and AL-CA. However,
no echocardiographic finding characterizing
ATTRwt-CA was found among LVEF, LV diastolic
function parameters, or LA volumes and strain
parameters.

The myocardial deformation featuring the amyloid
deposit is dual-gradient: basal to apical and sub-
endocardium to subepicardial patterns. The sub-
endocardial myocardial fibers are responsible for
longitudinal deformation. In contrast, subepicardial
myocardial fibers are often associated with circum-
ferential deformation.32 LS in the LV, derived from
speckle-tracking images, is a unitless measure of
longitudinal deformation reflecting the function of
longitudinally oriented subendocardial fibers. In our
cohort, the global longitudinal strain of the patients
was reduced, especially in ATTRwt- and AL-CA.
Although it should be noted that strain parameters
decline with age,33 because most patients with
ATTRwt-CA are elderly, that may indicate that LV
dysfunction has already progressed at the diagnosis
in ATTRwt- and AL-CA. The relative apical sparing
pattern evaluated by comparing the basal and mid-
segmental LS to the apical LS in the LV has been re-
ported to be a characteristic echocardiographic
finding in ATTRwt-CA with high diagnostic accuracy
in LV strain parameters.9,23 In contrast, recently,
similar echocardiographic findings with the relative
apical sparing pattern have been documented in non-
CA diseases such as end-stage renal disease, hyper-
trophic cardiomyopathy, and severe aortic stenosis,
suggesting that the specificity of the pattern for
screening of ATTRwt-CA was obscure.34,35 We
assessed the relative apical sparing pattern using the
equation reported by Phelan et al.21 In our cohort, a
higher apical-sparing index had a significant
discriminant power differentiating ATTRwt-CA from
the other subtypes in the univariate discriminant
analysis but did not in the multiple discriminant
analysis. Regarding its etiology, a basal to apical
gradient in myocardial amyloid burden has been re-
ported to have the possibility of association with the
pattern.32,36 However, Bravo et al37 demonstrated
regional differences in the total mass of the amyloid
deposition associated with the pattern rather than the
proportion of amyloid deposits in AL-CA using 18F-
florbetapir positron emission tomography and cardiac
magnetic resonance. Additionally, De Gaspari et al38

showed in a histopathologic study on CA that a
gradient of amyloid burden from basal to apical did
not always explain the pattern. The pattern may be
based on complex interactions between amyloid
infiltration, amyloid fibril composition, and myocar-
dial structure, which may reduce its specificity in
ATTRwt-CA diagnosis.
STUDY LIMITATIONS. First, although this was a
multicenter CA survey, the number of patients was
relatively small, possibly because CA is a rare disease.
In addition, the included patients were limited to
those with histologically confirmed amyloidosis de-
posits in the myocardium and confirmed classifica-
tion by amyloid immunostaining. Moreover, caused
by the nature of being a retrospective study, the
limited availability of image data limited the number
of echocardiographic findings that could be obtained.
As the data analysis included missing values, it is
necessary to consider whether the number of data
points may have affected the discriminant analysis
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results. This study examined the clinical and echo-
cardiographic findings that characterize ATTRwt-CA.
Among the patients histologically diagnosed as CA,
we discriminated ATTRwt-CA from the other sub-
types with high accuracy using echocardiographic
findings and several patients’ backgrounds. How-
ever, we could not gain such a high accuracy in the
discrimination based on echocardiographic findings
alone. Identifying histological differences among
the various subtypes of cardiac amyloidosis can be
challenging based on echocardiographic findings
alone. Additionally, multiple subtypes of cardiac
amyloidosis can coexist within the myocardium,39,40

further complicating the ability to discriminate be-
tween them using echocardiography. This study
found that different subtypes were overlapped
simultaneously in the myocardium of 4 of 324 cases
(1.2%). When it is challenging to differentiate sub-
types of CA by echocardiography, information on
patient backgrounds, such as advanced age, male
sex, and concomitant carpal tunnel syndrome, may
be more helpful.41 In contrast, LV hypertrophy was
one of the primary reasons for suspecting CA in the
study patients, and the detection of LV hypertrophy
led more than 40% of the patients to a histological
examination to diagnose CA. Having the limitations
of echocardiographic diagnosis, echocardiographic
findings associated with LV hypertrophy and papil-
lary muscle hypertrophy, characterizing ATTRwt-
CA, would be essential red flags for the diagnosis
of ATTRwt-CA and motivation to the subsequent
diagnostic process, including screening a monoclonal
component in serum or urine, technetium-99m-
pyrophosphate or hydroxymethylene diphosphonate
myocardial scintigraphy, cardiac biopsy, and genetic
testing. However, future studies are needed to deter-
mine the usefulness of thesefindings in differentiating
patients with ATTRwt-CA from thosewith heart failure
with preserved LVEF or aortic stenosis, which have
been reported to be frequently associated with
ATTRwt-CA.42,43 Besides, histological studies are
required to clarify further the pathological basis of
papillary muscle hypertrophy and the characteristic
apical sparing pattern of LS in the LV in CA, which
were valuable echocardiographic findings character-
izing ATTRwt-CA in our investigation. Unfortunately,
this study is a retrospective analysis of patient data
that has yet to be fully histologically reviewed on
differences in the progression and distribution of
amyloid deposits within the myocardium among
subtypes of CA.

CONCLUSIONS

From the J-CASE data set evaluating echocardio-
graphic findings characteristic of ATTRwt-CA, LV
hypertrophy with increased LVMI but relatively
modest IVS thickening and larger maximal papillary
muscle diameter were significant findings. In addi-
tion to the patient background, such as advanced age,
male sex, and comorbidities (diabetes mellitus,
hyperlipidemia, carpal tunnel syndrome, and parox-
ysmal atrial fibrillation), these echocardiographic
findings increased the performance of differentiation
of ATTRwt-CA from AL- and ATTRv-CA. The echo-
cardiographic findings characteristic of ATTRwt-CA
may lead to more accurate screening echocardiogra-
phy for diagnosing ATTRwt-CA and motivate the
subsequent comprehensive clinical diagnostic pro-
cess, including multimodality imaging of patients
suspected of CA.
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