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Abstract

Aims This study was performed to investigate whether left atrial (LA) strain by echocardiography provides prognostic
information in patients with wild-type transthyretin amyloid cardiomyopathy (ATTRwt-CM).
Methods and results Among 129 patients who were diagnosed with ATTRwt-CM at Kumamoto University Hospital from
December 2002 to December 2019, 113 patients who had enough information for two-dimensional speckle tracking
echocardiography were enrolled in this study. During a median follow-up of 668 days, 28 cardiovascular deaths occurred.
Compared with patients in the non-event group, those in the cardiovascular death group were significantly older
(81.5 ± 7.4 vs. 78.1 ± 6.1 years, P < 0.01), had a lower incidence of carpal tunnel syndrome (21% vs. 47%, P < 0.05), and
had a higher high-sensitivity cardiac troponin T [0.085 (0.063–0.105) vs. 0.049 (0.036–0.079) ng/mL, P < 0.01] and B-type
natriuretic peptide concentrations [419 (239–541) vs. 271 (155–462) pg/mL, P < 0.01] and lower estimated glomerular
filtration rate (41.8 ± 15.4 vs. 53.4 ± 14.6 mL/min/1.73 m2, P < 0.01). Electrocardiography showed higher rate of a V1–V3
QS pattern (52% vs. 24%, P < 0.01) and complete left bundle branch block (27% vs. 6%, P < 0.01), and echocardiography
showed a significantly lower peak LA strain rate during the contraction phase (0.16 ± 0.13 vs. 0.28 ± 0.27 S�1, P < 0.05),
LA strain during the reservoir phase (LASr) (5.84 ± 2.41 vs. 8.22 ± 4.05%, P < 0.01), and peak LA strain rate during the reservoir
phase (0.26 ± 0.09 vs. 0.33 ± 0.15 S�1, P < 0.05) in the cardiovascular death group than in non-event group. By contrast,
conventional echocardiographic findings were not significantly different between these two groups. After adjusting for
conventional predictive factors of ATTRwt-CM (age, high-sensitivity cardiac troponin T and B-type natriuretic peptide
concentrations, and estimated glomerular filtration rate), multivariable Cox proportional hazard analyses showed that LASr
was significantly and independently associated with cardiovascular death in patients with ATTRwt-CM (odds ratio, 0.84;
95% confidence interval, 0.72–0.98; P < 0.05). After adjusting for age and echocardiographic findings associated with
cardiovascular death (LA volume index and peak LA strain rate during the contraction phase), LASr was significantly and
independently associated with cardiovascular death in patients with ATTRwt-CM (odds ratio, 0.83; 95% confidence interval,
0.70–0.98; P < 0.05). Receiver operating characteristic curve analysis showed that the area under the curve of LASr for
cardiovascular death was 0.686 and that the best cut-off value of LASr was 6.69% (sensitivity, 62.4%; specificity, 64.3%). In
the Kaplan–Meier analysis, patients with low LASr (<6.69%) had a significantly higher probability of total cardiovascular death
(P < 0.05) and heart failure-related hospitalization (P < 0.05).
Conclusions Left atrial strain during the reservoir phase provides significant prognostic value in patients with ATTRwt-CM
even after adjusting for conventional predictive factors.
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Introduction

Amyloid cardiomyopathy is a progressive infiltrative cardio-
myopathy characterized by restrictive cardiomyopathy and
various arrhythmias secondary to infiltration of the conduc-
tion system.1 The two main types of amyloid cardiomyopathy
are amyloid light-chain amyloidosis and transthyretin (TTR)
amyloidosis (ATTR). ATTR is further classified into two
subtypes based on the presence or absence of a genetic mu-
tation: mutant ATTR and wild-type ATTR (ATTRwt). Wild-type
transthyretin amyloid cardiomyopathy (ATTRwt-CM) is be-
coming increasingly recognized because of population ageing,
advancements in the understanding of the disease pathobiol-
ogy, and the potential benefits of emerging therapies.2

Because ATTRwt-CM causes repeated heart failure and
cardiovascular death,3 identification of vulnerable patients
with ATTRwt-CM at high risk of cardiovascular death is of
clinical importance. Several studies have shown that the
high-sensitivity cardiac troponin T (hs-cTnT) concentration,
B-type natriuretic peptide (BNP) concentration, and esti-
mated glomerular filtration rate (eGFR) are useful prognostic
biomarkers in patients with ATTRwt-CM.4,5 Although the
hallmark of amyloid cardiomyopathy on transthoracic echo-
cardiography is generally increased left ventricular (LV) wall
thickness,6 previous studies have demonstrated that conven-
tional echocardiographic findings, including LV wall thickness,
were not independent predictors of survival in patients with
ATTR-CM.4,5 Because amyloid can infiltrate to virtually all
cardiac chambers, left atrial (LA) enlargement is a common
finding in patients with amyloid cardiomyopathy.7

Two-dimensional speckle tracking echocardiography is a ro-
bust and sensitive technique for quantitative assessment of
LA function and has been proven to play an adjunctive role
in the diagnosis of amyloid cardiomyopathy.8 However, few
reports have focused on the usefulness of LA function
estimated by two-dimensional speckle tracking echocardiog-
raphy to predict cardiovascular death in patients with
ATTRwt-CM. Thus, the present study was performed to
evaluate the utility of LA function measurement using
two-dimensional speckle tracking echocardiography to pre-
dict cardiovascular events in patients with ATTRwt-CM.

Methods

Study population

In total, 129 patients were diagnosed with ATTRwt-CM at Ku-
mamoto University Hospital from December 2002 to

December 2019. Of these patients, 16 were excluded because
they had no transthoracic echocardiography data at diagnosis
or had insufficient information for evaluation by two-
dimensional speckle tracking echocardiography (Figure 1).
The remaining 113 patients diagnosed with ATTRwt-CM were
enrolled in this study. Baseline clinical characteristics and elec-
trocardiographic and echocardiographic data at diagnosis
were obtained while the patients were in a clinically stable
condition.

This study conformed to the principles outlined in the Dec-
laration of Helsinki. It was approved by the institutional re-
view board and ethics committees of Kumamoto University
(No. 1588). The requirement for informed consent was
waived because of the low-risk nature of this retrospective
study and the inability to obtain consent directly from all pa-
tients. Instead, we extensively announced this study protocol
at Kumamoto University Hospital and on our website (http://
www2.kuh.kumamoto-u.ac.jp/tyuokensabu/index.html) and
gave patients the opportunity to withdraw from the study.

Diagnosis of wild-type transthyretin amyloid
cardiomyopathy

Precise diagnosis of amyloid cardiomyopathy required proof
of amyloid deposition by tissue biopsy. In these days, how-
ever, non-biopsy diagnosis of ATTR-CM by using bone scintig-
raphy including 99mTc-labelled pyrophosphate scintigraphy
(99mTc-PYP) has been established.9 Therefore, modified Kuma-
moto Criteria are used to raise the pretest probability of
ATTR-CM by using inexpensive tests such as laboratory exam-
inations, electrocardiography, and transthoracic echocardiog-
raphy, followed by 99mTc-PYP is performed for probable

Figure 1 Study flow chart detailing the inclusion and exclusion criteria
for the study patients. The enrolled patients were divided into two
groups based on the presence or absence of cardiovascular death.
ATTRwt-CM, wild-type transthyretin amyloid cardiomyopathy; TTE, trans-
thoracic echocardiography.
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diagnosis of ATTRwt-CM in Kumamoto University Hospital
(Supporting Information, Figure S1).10 For many patients with
99mTc-PYP positivity, tissue biopsy is performed for definite di-
agnosis of ATTRwt-CM.

The diagnosis of amyloid deposition was based on Congo
red staining and apple-green birefringence with cross-
polarized light microscopy. To confirm TTR amyloid deposi-
tion, we performed immunohistochemical staining using
antibodies that react to TTR. We diagnosed ATTRwt when
no mutation in the TTR gene was revealed by genetic testing
(n = 84, 74%) or, if genetic testing was not performed, when
the patient had no family history of amyloidosis (n = 29, 26%).

Finally, ATTR-CM was diagnosed by (i) the presence of TTR
deposition in the myocardium (n = 56, 50%), (ii) the presence
of TTR deposition in extracardiac tissue with a positive finding
on 99mTc-labelled pyrophosphate scintigraphy (n = 18, 16%), or
(iii) a positive finding on 99mTc-labelled pyrophosphate scintig-
raphy without confirmation of pathological TTR deposition
and exclusion of amyloid light-chain amyloidosis (n = 39, 35%).

Conventional echocardiographic parameters

Conventional echocardiography was performed in patients
with ATTR-CM in stable condition using the Vivid E95 or 7
(GE Vingmed, Horten, Norway), Aplio 500 (Toshiba, Tokyo,
Japan), and EPIQ 7G (Philips, Bothell, WA, USA), which were
equipped with a 2.5 MHz phased-array transducer. The cham-
ber size, LV wall thickness, LV ejection fraction, LA volume in-
dex (LAVI), and rate between peak early diastolic velocity of
LV inflow (E velocity) and peak early diastolic velocity on
the septal corner of the mitral annulus (e0) (E/e0 ratio) were
evaluated using standard procedures.11,12 The peak early
and late diastolic velocity of LV inflow (E and A velocity, re-
spectively) and the peak systolic, early, and late diastolic ve-
locity on the septal corner of the mitral annulus (s0, e0, and
a0, respectively) were measured in the apical four-chamber
view. To minimize bias, the echocardiography reviewers were
blinded to the patients’ clinical history and data.

Two-dimensional speckle tracking
echocardiography

Two-dimensional speckle tracking echocardiography was
performed by one operator who was blinded to the clinical
data and different from the operator who performed the
conventional echocardiography. Two-dimensional speckle
tracking echocardiography was performed using a vendor-
independent software program for two-dimensional strain
analysis (TOMTEC Imaging Systems, Unterschleißheim,
Germany). LV strain was assessed as follows. The regional
longitudinal strain (LS), calculated from the echocardiography
images in the four-chamber, three-chamber, and two-

chamber apical views, was determined in 16 segments of
the left ventricle in accordance with the American Society
for Echocardiography guidelines.11 The LV global LS was cal-
culated as the average LS of these 16 segments, and the rel-
ative apical LS index was estimated as the hallmark of cardiac
amyloidosis on echocardiography.13 This index was calculated
as [average apical LS∕(average basal LS + average mid LS)]. To
assess LA strain, the regional strain and strain rate were de-
termined in three segments (septal, roof, and lateral) ob-
tained from echocardiographic images in the four-chamber
apical view.14 To evaluate LA strain components, the
zero-strain reference was defined at end-diastole in the pres-
ent study. LA reservoir function was estimated using LA strain
during the reservoir phase (LASr) and the peak LA strain rate
during the reservoir phase (pLASRr) during the ventricular
systole phase, which represents LA filling during LV systole
(Figure 2A and 2B). LA conduit function was estimated using
the peak LA strain rate during the conduit phase (pLASRcd)
during the LV diastole phase (Figure 2B). In contrast, LA pump
function was estimated using the peak LA strain rate during
the contraction phase (pLASRct) during the LV diastole phase
(Figure 2B).8,14 Strain and strain rate are described in abso-
lute values. Analysis of intraobserver and interobserver vari-
ability among 20 reassessed patients showed good
correlations for LA strain measurements; the average
intraclass correlation coefficient and 95% confidence interval
(CI) were 0.97 (0.93–0.99) and 0.91 (0.79–0.96), respectively.

Follow-up and prognosis of patients with
wild-type transthyretin amyloid cardiomyopathy

Patient mortality was identified by a search of the medical re-
cords and confirmed by a questionnaire and direct contact via
a telephone interview of the patient or a family member. All
deaths were reviewed and divided into cardiovascular or
non-cardiovascular death. Cardiovascular death was defined
as death due to worsening heart failure, a cardiovascular
event, or sudden death. Non-cardiovascular death was de-
fined as death attributable to a non-cardiac cause.

Statistical analysis

The cut-off date for data collection was December 2020. Con-
tinuous variables are presented as mean ± standard devia-
tion. Non-normally distributed variables are presented as
median (inter-quartile range). Categorical values are pre-
sented as number (percentage). The clinical characteristics
were compared between the cardiovascular death group
and non-event group using the Mann–Whitney U test or χ2

test. We measured the degree of association between LASr
and other echocardiographic findings by means of the corre-
lation coefficient using Pearson’s method. Univariate and
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multivariable Cox proportional hazard analyses were per-
formed to identify the independent parameters related to
cardiovascular death. The hs-cTnT and BNP concentrations
were not normally distributed, so we selected the natural log-
arithm (ln) TnT and ln BNP concentrations for Cox propor-
tional hazard analyses. Variables with a P-value of <0.05 in
the univariate Cox hazard analyses model were incorporated
into the multivariable Cox hazard analysis. Age, hs-cTnT con-
centration, BNP concentration, and eGFR are conventional
prognostic factors in patients with ATTR-CM.4,15 Therefore,
these variables and LASr were forced into multivariable
Model 1. Age and three echocardiographic findings (LAVI,
pLASRct, and LASr) were forced into multivariable Model 2.
Receiver operating characteristic (ROC) curves were con-
structed, and the area under the curve was calculated to as-
sess the ability of LASr to predict cardiovascular death and
determine the cut-off value of LASr for predicting cardiovas-
cular death. Kaplan–Meier analysis was used to determine
the cumulative incidence of cardiovascular death and hospi-
talization for heart failure, and the log-rank test was used
to compare the incidence of cardiovascular death and

hospitalization for heart failure between the high and low
LASr groups. All analyses were conducted with SPSS for Win-
dows software, Version 24.0 (IBM Corp., Armonk, NY, USA).
Statistical significance was defined as P < 0.05.

Results

Clinical characteristics of patients with
wild-type transthyretin amyloid cardiomyopathy
in cardiovascular death and non-event groups

2During a median follow-up of 668 days (25–75th percentile,
410–1136 days), 28 cardiovascular deaths (heart failure,
n = 27; out-of-hospital sudden death, n = 1), 46 heart failure
events, and 3 cerebrovascular events occurred. Table 1 shows
the baseline clinical characteristics, electrocardiographic and
echocardiographic findings, and treatments of all patients.
Compared with patients in the non-event group, those in
the cardiovascular death group were significantly older

Figure 2 Representative example of left atrial (LA) measurement in a patient with wild-type transthyretin amyloid cardiomyopathy. (A) LA strain dur-
ing reservoir phase (LASr). (B) Peak strain rate during reservoir phase (pLASRr), peak strain rate during conduit phase (pLASRcd), and peak strain rate
during contraction phase (pLASRct).
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(81.5 ± 7.4 vs. 78.1 ± 6.1 years, P < 0.01), had a lower inci-
dence of carpal tunnel syndrome (21% vs. 47%, P < 0.05),
and had a higher hs-cTnT concentration [0.085 (0.063–

0.105) vs. 0.049 (0.036–0.079) ng/mL, P< 0.01] and BNP con-
centration [419 (239–541) vs. 271 (155–462) pg/mL,
P < 0.01] and lower eGFR (41.8 ± 15.4 vs. 53.4 ± 14.6 mL/

Table 1 Baseline clinical characteristics, electrocardiographic findings, echocardiographic findings, and treatment of ATTRwt-CM patients
in this study

Cardiovascular death group (n = 28) Non-event group (n = 85) P-value

Baseline characteristics
Age at diagnosis (years) 81.5 ± 7.4 78.1 ± 6.1 <0.01
Male sex, n (%) 24 (86) 70 (84) 0.78
Body mass index (kg/m2) 23.8 ± 7.6 23.0 ± 3.0 0.68
Systolic blood pressure (mmHg) 114.2 ± 19.0 120.0 ± 17.9 0.33
Diastolic blood pressure (mmHg) 65.1 ± 13.7 70.3 ± 13.4 0.14
Medical history
Hypertension, n (%) 13 (46) 51 (60) 0.21
Diabetes mellitus, n (%) 4 (14) 22 (26) 0.21
Dyslipidaemia, n (%) 7 (25) 31 (36) 0.27
Prior myocardial infarction, n (%) 1 (4) 3 (4) 0.99
Atrial fibrillation, n (%) 15 (54) 37 (44) 0.36
Carpal tunnel syndrome, n (%) 6 (21) 40 (47) <0.05

Laboratory findings
hs-cTnT (ng/mL) 0.085 (0.063–0.105) 0.049 (0.036–0.079) <0.01
BNP (pg/mL) 419 (239–541) 271 (155–462) <0.05
eGFR (mL/min/1.73 m2) 41.8 ± 15.4 53.4 ± 14.6 <0.01

Electrocardiographic findings
Pacing rhythm, n (%) 2 (7) 5 (6) 0.81
V1–V3 QS pattern, n (%) 14 (52) 20 (24) <0.01
Low voltage, n (%) 13 (50) 25 (31) 0.08
CLBBB, n (%) 7 (27) 5 (6) <0.01
CRBBB, n (%) 7 (27) 18 (22) 0.60

Echocardiographic findings
LAVI (mL/m2) 73.5 ± 38.8 62.9 ± 19.8 0.42
IVSTd (mm) 16.5 ± 3.1 15.3 ± 2.4 0.10
LVPWTd (mm) 15.9 ± 2.9 15.5 ± 2.8 0.43
LVEF (%) 49.5 ± 11.0 52.5 ± 10.5 0.15
E/A ratio 1.76 ± 0.95 1.73 ± 1.37 0.48
E-wave velocity (cm/s) 74.0 ± 18.8 78.9 ± 22.5 0.40
A-wave velocity (cm/s) 48.2 ± 22.9 (n = 14) 58.8 ± 29.3 (n = 49) 0.18
e0 velocity (cm/s) 3.91 ± 1.14 4.01 ± 1.22 0.77
a0 velocity (cm/s) 4.30 ± 1.56 (n = 14) 4.99 ± 2.22 (n = 49) 0.37
s0 velocity (cm/s) 4.00 ± 1.44 4.24 ± 1.28 0.23
E/e0 ratio 21.2 ± 8.2 20.5 ± 6.9 0.65
Aortic stenosis, n (%) 1 (4) 10 (12) 0.21
Mitral regurgitation, n (%) 9 (32) 10 (12) <0.05
Tricuspid regurgitation, n (%) 8 (29) 16 (19) 0.27
TRPG (mmHg) 28.7 ± 9.7 27.7 ± 10.0 0.65
Pericardial effusion, n (%) 10 (36) 24 (28) 0.45
LV-GLS (%) 10.0 ± 2.9 10.5 ± 3.2 0.31
RapLSI 1.23 ± 0.64 1.03 ± 0.39 0.21
LASr (%) 5.84 ± 2.41 8.22 ± 4.05 <0.01
pLASRr (S�1) 0.26 ± 0.09 0.33 ± 0.15 <0.05
pLASRcd (S�1) 0.30 ± 0.18 (n = 14) 0.34 ± 0.18 (n = 49) 0.30
pLASRct (S�1) 0.16 ± 0.13 (n = 14) 0.28 ± 0.27 (n = 49) <0.05

Treatments
ACEI or ARB, n (%) 13 (46) 40 (47) 0.95
MRA, n (%) 8 (29) 29 (34) 0.59
Beta-blocker, n (%) 7 (25) 26 (31) 0.57
Diuretics, n (%) 24 (86) 54 (64) <0.05
PMI, n (%) 3 (11) 9 (11) 0.99
ICD, n (%) 3 (11) 8 (9) 0.84

ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; ATTRwt-CM, wild-type transthyretin amyloid cardio-
myopathy; BNP, B-type natriuretic peptide; CLBBB, complete left bundle branch block; CRBBB, complete right bundle branch block; eGFR,
estimated glomerular filtration rate; hs-cTnT, high-sensitivity cardiac troponin T; ICD, implantable cardioverter defibrillator; IVSTd, inter-
ventricular septal thickness in diastole; LASr, left atrial strain during reservoir phase; LAVI, left atrial volume index; LVEF, left ventricular
ejection fraction; LV-GLS, left ventricular global longitudinal strain; LVPWTd, left ventricular posterior wall thickness in diastole; MRA, min-
eralocorticoid receptor antagonist; pLASRcd, peak strain rate during conduit phase; pLASRct, peak strain rate during contraction phase;
pLASRr, peak strain rate during reservoir phase; PMI, pacemaker implantation; RapLSI, relative apical longitudinal strain index; TRPG,
transtricuspid pressure gradient.
The P-values were obtained by Mann–Whitney U test or χ2 test.
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min/1.73 m2, P < 0.01) (Table 1). Electrocardiography
showed that the rate of a V1–3 QS pattern (52% vs. 24%,
P < 0.01) and complete left bundle branch block (27% vs.
6%, P < 0.01) were significantly higher in the cardiovascular
death group than non-event group. Echocardiography
showed that the rate of pLASRct (0.16 ± 0.13 vs.
0.28 ± 0.27 S�1, P < 0.05), LASr (5.84 ± 2.41 vs.
8.22 ± 4.05%, P < 0.01), and pLASRr (0.26 ± 0.09 vs.
0.33 ± 0.15 S�1, P < 0.05) were significantly lower and that
the rate of mitral regurgitation (32% vs. 12%, P < 0.05) was
significantly higher in the cardiovascular death group than
non-event group. Among the treatment regimens, only the
rate of diuretics usage (86% vs. 64%, P < 0.05) was signifi-
cantly higher in the cardiovascular death group than
non-event group.

Correlation between left atrial strain during the
reservoir phase and other echocardiographic
findings

Table 2 showed the correlation between LASr and other
echocardiographic findings in patients with ATTRwt-CM. Var-
ious echocardiographic findings were significantly correlated
with LASr. Especially pLASRr was strongly correlated with LASr
(R = 0.90, P < 0.01).

Cox proportional hazard analysis for
cardiovascular death in patients with wild-type
transthyretin amyloid cardiomyopathy

The univariate and multivariable Cox proportional hazard
analysis results for cardiovascular death are shown in
Tables 3 and 4, respectively. In the univariate Cox propor-
tional hazard analysis, 10 variables were identified as

Table 2 Correlation between LASr and other echocardiographic
findings

Variables R P-value

LAVI per 1 mL/m2 0.34 <0.01
IVSTd per 1 mm 0.28 <0.01
LVPWTd per 1 mm 0.31 <0.01
LVEF per 1% 0.31 <0.01
E-wave velocity per 1 cm/s �0.14 0.13
A-wave velocity per 1 cm/s 0.40 <0.01
E/A ratio �0.31 0.01
e0 velocity per 1 cm/s 0.11 0.24
a0 velocity per 1 cm/s 0.58 <0.01
s0 velocity per 1 cm/s 0.45 <0.01
E/e0 ratio per 1 �0.18 0.05
TRPG per 1 mmHg �0.17 0.07
LV-GLS per 1% 0.56 <0.01
RapLSI per 1 �0.09 0.37
pLASRr per 1 S�1 0.90 <0.01
pLASRcd per 1 S�1 0.48 <0.01
pLASRct per 1 S�1 0.66 <0.01

IVSTd, interventricular septal thickness in diastole; LASr, left atrial
strain during reservoir phase; LAVI, left atrial volume index; LVEF,
left ventricular ejection fraction; LV-GLS, left ventricular global lon-
gitudinal strain; LVPWTd, left ventricular posterior wall thickness in
diastole; pLASRcd, peak strain rate during conduit phase; pLASRct,
peak strain rate during contraction phase; pLASRr, peak strain rate
during reservoir phase; RapLSI, relative apical longitudinal strain in-
dex; TRPG, transtricuspid pressure gradient.
P-value was obtained by using Pearson’s method.

Table 3 Univariate Cox proportional hazards model for
cardiovascular death

Univariate analysis

OR (95% CI) P-value

Age per 1 year 1.12 (1.04–1.21) <0.01
Male sex (yes) 2.01 (0.67–6.05) 0.22
Body mass index per 1 kg/m2 1.01 (0.91–1.11) 0.89
Hypertension (yes) 0.83 (0.39–1.76) 0.63
Diabetes mellitus (yes) 0.65 (0.22–1.91) 0.43
Dyslipidaemia (yes) 0.65 (0.27–1.54) 0.33
Prior myocardial infarction (yes) 5.15 (0.60–44.06) 0.14
Atrial fibrillation (yes) 1.97 (0.92–4.24) 0.08
Carpal tunnel syndrome (yes) 0.35 (0.14–0.88) <0.05
ln TnT per 1 5.04 (2.65–9.58) <0.01
ln BNP per 1 3.40 (1.89–6.13) <0.01
eGFR per 1 mL/min/1.73 m2 0.93 (0.91–0.96) <0.01
V1–V3 QS pattern (yes) 1.79 (0.84–3.83) 0.13
Low voltage (yes) 2.80 (1.21–6.48) <0.05
CLBBB (yes) 1.84 (0.76–4.46) 0.17
CRBBB (yes) 1.15 (0.48–2.76) 0.76
LAVI per 1 mL/m2 1.02 (1.00–1.03) <0.01
IVSTd per 1 mm 1.00 (0.88–1.13) 0.99
LVPWTd per 1 mm 0.98 (0.86–1.12) 0.73
LVEF per 1% 0.97 (0.94–1.00) 0.08
E-wave velocity per 1 cm/s 1.00 (0.98–1.02) 0.86
A-wave velocity per 1 cm/s 0.99 (0.96–1.01) 0.27
E/A ratio 1.15 (0.70–1.89) 0.59
e0 velocity per 1 cm/s 0.82 (0.57–1.19) 0.29
a0 velocity per 1 cm/s 0.79 (0.60–1.06) 0.11
s0 velocity per 1 cm/s 0.78 (0.56–1.08) 0.14
E/e0 ratio per 1 1.05 (0.99–1.14) 0.12
TRPG per 1 mmHg 1.01 (0.97–1.05) 0.55
Aortic stenosis (yes) 0.65 (0.09–4.88) 0.67
Mitral regurgitation (yes) 1.72 (0.77–3.84) 0.19
Tricuspid regurgitation (yes) 1.60 (0.69–3.68) 0.27
Pericardial effusion (yes) 1.43 (0.66–3.13) 0.37
LV-GLS per 1% 0.90 (0.79–1.01) 0.09
RapLSI per 1 1.70 (0.99–2.92) 0.06
LASr per 1% 0.82 (0.72–0.94) <0.01
pLASRr per 1 S�1 0.03 (0.00–0.69) <0.05
pLASRcd per 1 S�1 0.15 (0.01–3.13) 0.22
pLASRct per 1 S�1 0.09 (0.01–0.92) <0.05

BNP, B-type natriuretic peptide; CI, confidence interval; CLBBB,
complete left bundle branch block; CRBBB, complete right bundle
branch block; eGFR, estimated glomerular filtration rate; IVSTd, in-
terventricular septal thickness in diastole; LASr, left atrial strain
during reservoir phase; LAVI, left atrial volume index; ln, natural
logarithm; LVEF, left ventricular ejection fraction; LV-GLS, left ven-
tricular global longitudinal strain; LVPWTd, left ventricular poste-
rior wall thickness in diastole; OR, odds ratio; pLASRcd, peak
strain rate during conduit phase; pLASRct, peak strain rate during
contraction phase; pLASRr, peak strain rate during reservoir phase;
RapLSI, relative apical longitudinal strain index; TnT, troponin T;
TRPG, transtricuspid pressure gradient.
P-value was obtained by the univariate Cox hazard analyses
model.
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significant predictors of cardiovascular death: age, history of
carpal tunnel syndrome, ln TnT concentration, ln BNP con-
centration, eGFR, low voltage on the electrocardiogram,
and LAVI, LASr, pLASRr, and pLASRct on echocardiography.
Considering the internal correlation of LASr with pLASRr,
we excluded pLASRr from the multivariable Cox proportional
hazard analysis. After adjusting for conventional predictive
factors of ATTRwt-CM (age, hs-cTnT concentration, BNP con-
centration, and eGFR), LASr was significantly and indepen-
dently associated with cardiovascular death in patients
with ATTRwt-CM (odds ratio, 0.84; 95% CI, 0.72–0.98;
P < 0.05) (Model 1 in Table 4). After adjusting for age and
echocardiographic findings associated with cardiovascular
death (LAVI and pLASRct), LASr was still significantly and in-
dependently associated with cardiovascular death in pa-
tients with ATTRwt-CM (odds ratio, 0.83; 95% CI, 0.70–
0.98; P < 0.05) (Model 2 in Table 4).

Receiver operating characteristic curve analysis
for cardiovascular death

Receiver operating characteristic curve analysis was per-
formed to determine the optimal LASr cut-off value for
predicting cardiovascular death in patients with ATTRwt-
CM. As shown in Figure 3, the area under the ROC curve of
LASr for cardiovascular death was 0.686. We also found that
the best cut-off value of LASr was 6.69% (sensitivity, 62.4%;
specificity, 64.3%).

Follow-up of patients with high and low left atrial
strain during the reservoir phase values

We divided the patients with ATTRwt-CM into a high LASr
group (≥6.69%, n = 63) and low LASr group (<6.69%,
n = 50) using the best cut-off value of LASr estimated by
the ROC curve analysis. Kaplan–Meier analysis demonstrated
a significantly higher probability of total cardiovascular death
(P < 0.05 by log-rank test) (Figure 4A) and heart

failure-related hospitalization (P < 0.05 by log-rank test)
(Figure 4B) in patients with high than low LASr.

Discussion

This is the first study to reveal the usefulness of LA strain by
two-dimensional speckle tracking echocardiography to pre-
dict cardiovascular death in patients with ATTRwt-CM.

Although a recent study has shown that the transthyretin
stabilizer tafamidis is associated with reductions in all-cause
death, cardiovascular-related hospitalizations, functional ca-
pacity, and quality of life,16 the usefulness of tafamidis in ad-
vanced cases has not been clarified. Therefore, it is critical to
identify vulnerable patients with ATTR-CM at high risk of car-
diovascular death. The present study showed the usefulness

Table 4 Multivariable Cox proportional hazards model for cardiovascular death

Model 1 Model 2

OR (95% CI) P-value OR (95% CI) P-value

Age per 1 year 1.15 (1.06–1.25) <0.01 1.12 (1.03–1.21) <0.01
ln hs-cTnT per 1 3.75 (1.34–10.50) <0.05
ln BNP per 1 2.67 (1.23–5.80) <0.05
eGFR per 1 mL/min/1.73 m2 0.99 (0.95–1.03) 0.63
LAVI per 1 mL/m2 1.00 (0.99–1.02) 0.78
pLASRct per 1 S�1 0.81 (0.05–14.29) 0.89
LASr per 1% 0.84 (0.72–0.98) <0.05 0.83 (0.70–0.98) <0.05

BNP, B-type natriuretic peptide; CI, confidence interval; eGFR, estimated glomerular filtration rate; hs-cTnT, high-sensitivity cardiac tropo-
nin T; LASr, LA strain during reservoir phase; LAVI, left atrial volume index; ln, natural logarithm; OR, odds ratio; pLASRct, peak strain rate
during contraction phase.
P-value was obtained by the multivariate Cox hazard analysis.

Figure 3 Receiver operating characteristic curve analysis of left atrial
strain during reservoir phase for predicting cardiovascular death. Red ar-
row indicates cut-off point. AUC, area under the curve.
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of LA function to predict cardiovascular death in patients with
ATTRwt-CM. However, LV systolic and diastolic function pa-
rameters, such as the LV ejection fraction and E/e0 ratio, were
not associated with cardiovascular death in the present
study. In addition, LV global LS, which can be used to evaluate
subtle regional and global LV dysfunction,17 also had no asso-
ciation with cardiovascular death. These results indicate that
LV function indicators are not significant predictors of cardio-
vascular death in patients with ATTRwt-CM. Amyloid deposi-
tion occurs not only in the left ventricle but also in the left
atrium and right ventricle,18 indicating that ATTR-CM induces
multi-atrioventricular dysfunction. Therefore,

echocardiographic findings representing LV function might
have a weak effect on the prognosis in patients with
ATTRwt-CM. In contrast, LA dysfunction is usually correlated
with greater impairment of LV diastolic function because
higher LV filling pressure leads to deterioration of LA function
as a result of haemodynamic overload and mechanical
stretching of the LA wall.19 Therefore, both direct amyloid in-
filtration and restrictive LV function with high filling pressures
are important causes of LA dysfunction in patients with
ATTRwt-CM. This might explain why LA dysfunction had a
strong effect on the prognosis in patients with ATTRwt-CM
in the present study. Huntjens et al. also revealed prognostic
utility of both atrial and ventricular strain imaging in patients
with cardiac amyloidosis.20 However, these reports enrolled
patients with various types of amyloid cardiomyopathy. Be-
cause the prognosis depends on the type of amyloid
cardiomyopathy,21 specific evaluations should be performed
according to each type of amyloid cardiomyopathy. The pres-
ent study included only patients with ATTRwt-CM and re-
vealed the prognostic impact of LA function in these patients.

Two-dimensional speckle tracking echocardiography is a
useful technique to investigate advanced atrial functional
components such as the reservoir function, conduit function,
and contraction function, which are otherwise difficult to in-
vestigate noninvasively.22,23 The present study revealed that
LASr was independent and significantly associated with car-
diovascular death in patients with ATTRwt-CM, indicating
the usefulness of estimating the LA reservoir function to eval-
uate the prognosis in patients with ATTRwt-CM. In contrast,
pLASRct was not significantly associated with cardiovascular
death, and both the A-wave velocity and a0 velocity, conven-
tional echocardiographic measurements of LA contraction
function,24,25 were not associated with cardiovascular death
in patients with ATTRwt-CM. Amyloid deposition in the left
ventricle leads to diastolic dysfunction in the early phase,
and LV systolic function is relatively preserved in the late
phase.26 Amyloid deposition occurs not only in the left ventri-
cle but also in the left atrium.18 Therefore, as with the left
ventricle, amyloid deposition might impair LA reservoir func-
tion prior to LA contractive function. Thus, we speculated that
LA reservoir function was relatively important for the progno-
sis of patients with ATTRwt-CM. Nochioka et al.8 reported that
LA conduit function did not differ significantly between pa-
tients with amyloid cardiomyopathy and control patients.
Therefore, LA conduit function is thought to be a compensa-
tory mechanism in response to impairment of LA reservoir
and contraction function, and this might explain why pLASRcd
was not significantly associated with cardiovascular death in
the present study. Although LA volume is correlated with car-
diovascular morbidity and mortality in various pathological
conditions, including amyloid cardiomyopathy,7,27,28 LAVI
was not associated with cardiovascular death in the present
study. The LA volume is influenced by various factors, such
as diastolic function, the LV filling pressure, and loading

Figure 4 Kaplan–Meier curves of (A) cardiovascular death and (B) heart
failure-related hospitalization in patients with wild-type transthyretin
amyloid cardiomyopathy with high or low left atrial strain during the res-
ervoir phase (LASr).
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conditions.29,30 In contrast, strain analysis using speckle
tracking is a direct measurement of intrinsic LA myocardial
deformation, which is independent of loading conditions31,32

and geometric assumptions.22 We speculate that these points
might be the reasons why LA function evaluated by
two-dimensional speckle tracking echocardiography was
more important than LA volume to predict cardiovascular
death in patients with ATTRwt-CM.

Gillmore et al. previously reported that the combination of
eGFR and N-terminal pro-B-type natriuretic peptide (NT-
proBNP) was useful to evaluate prognosis in patients with
ATTR-CM.5 Therefore, it is important to evaluate the useful-
ness of LASr for additional ability on combination of eGFR
and NT-proBNP. However, we could not evaluate it because
the number of patients in our present study was relatively
small. However, we revealed that LASr was significantly and
independently associated with cardiovascular death after
adjusting for conventional predictive factors including BNP
and eGFR. Thus, LASr might have additional ability to stratify
prognosis on top of combination of eGFR and NT-proBNP.
Further multicentre prospective studies with more patients
are needed to validate the usefulness of LASr for prognostic
value in patients with ATTRwt-CM.

Study limitations

This study had several limitations. First, it included a small
number of patients and was performed at a single centre. Sec-
ond, our results may be typical for Asian patients with
ATTRwt-CM because all patients in our present study were
Japanese. Third, we obtained echocardiographic images using
several ultrasound vendors. The two-dimensional speckle
tracking echocardiography analysis was performed with
TOMTEC Image-Arena™ (vendor-independent) software. Al-
though there are significant correlations in the LS values
analysed using vendor-independent software for paired im-
ages obtained from different ultrasound vendors,33 inter-
vendor variability still might have affected our study results.

Despite these limitations, our study is unique and the first
to demonstrate the importance of LA function estimated by
two-dimensional speckle tracking echocardiography in pa-
tients with ATTRwt-CM. We believe that our results have sig-
nificant value in the clinical setting.

Conclusions

Left atrial strain during the reservoir phase estimated by
two-dimensional speckle tracking echocardiography provides
significant prognostic value in patients with ATTRwt-CM even
after adjusting for conventional predictive factors.
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