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Abstract

Background: Light-chain (AL) amyloidosis is the most common type of systemic amyloidosis with poor prognosis.
Currently, the predictors of cardiac involvement and prognostic staging systems are primarily based on conventional
echocardiography and serological biomarkers. We used three-dimensional speckle tracking echocardiography (STE-
3D) measurements of strain, hypothesizing that it could detect cardiac involvement and aid in prediction of mortality.

Methods: We retrospectively analysed 74 consecutive patients with biopsy-proven AL amyloidosis. Among them, 42
showed possible cardiac involvement and 32 without cardiac involvement. LV global longitudinal strain (GLS), global
radial strain, global circumferential strain and global area strain (GAS) measurements were obtained.

Results: The GLS and GAS were considered significant predictors of cardiac involvement. The cut-off values dis-
criminating cardiac involvement were 16.10% for GLS, 32.95% for GAS. During the median follow-up of 12.5 months
(interquartile range 4-25 months), 20 (27%) patients died. For the Cox proportional model survival analysis, heart rate,
cardiac troponin T, NT-proBNP levels, E/e], GLS, and GAS were univariate predictors of death. Multivariate Cox model
showed that GLS < 14.78% and cardiac troponin T > 0.049 mg/| levels were independent predictors of survival.

Conclusions: STE-3D measurements of LV myocardial mechanics could detect cardiac involvement in patients with
AL amyloidosis; GLS and cardiac biomarkers can provided prognostic information for mortality prediction.
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Introduction Light-chain (AL) amyloidosis is the most common sub-

Amyloidosis is a disease where the deposition of an
amorphous protein-derived substance in the extracellu-
lar compartment results in damage to numerous organs.
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type [1] and is effectively treated with chemotherapy
if captured early [2]. However, the diagnosis is often
delayed because the clinical symptoms are nonspecific
or absent [3]. Cardiac amyloidosis (CA) involves deposi-
tion of amyloid fibrils in the myocardial interstitium [4]
and portends a particularly poor prognosis. More than
half of the patients with AL amyloidosis (51-63%) dem-
onstrate cardiac involvement on diagnosis [5, 6]. Cardiac
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involvement is the most important prognostic factor in
the natural progression of AL amyloidosis that deter-
mines prognosis, limits life span [7] and contributes to
approximately 75% of deaths [8]. The median survival
time is reported to be<6 months in untreated patients
with AL amyloidosis who have cardiac involvement [9].

There have been significant advances in cardiac imag-
ing such as cardiac MRI and nuclear imaging for the
diagnosis, risk stratification, amyloid burden and stag-
ing of CA. The deposition of amyloid in the heart leads
to an increase in myocardial extracellular volume, which
is readily detected by CMR through the late gadolinium
enhancement (LGE). Nuclear imaging including pyroph-
osphate imaging aid in the quantification of amyloid
load, and 123I-MIBG scintigraphy can detect cardiac
sympathetic denervation in amyloidosis patients with
cardiac involvement [10, 11]. Recently, speckle-tracking
echocardiography-derived myocardial mechanics [12]
have demonstrated a potential role in the detection of
cardiac involvement and in the prediction of progno-
sis in patients with amyloidosis [13]. Three-dimensional
speckle-tracking echocardiography (STE-3D) is a tech-
nique with the potential for non-invasive assessment to
track myocardial motion in the three-dimensional space
[14].

The current study aimed to examine left ventricular
(LV) myocardial strain in patients with AL amyloidosis
by STE-3D to detect cardiac involvement, predict mor-
tality, and to define the cut-off points for cardiac involve-
ment in this population.

Methods

We retrospectively analysed 74 consecutive patients who
were newly diagnosed with immunoglobulin AL amy-
loidosis and referred to XiJing Hospital, Xi'an, China,
for echocardiographic studies from October 22, 2014,
through January 4, 2018. The diagnosis of immunoglobu-
lin AL amyloidosis was made by histological confirma-
tion of AL amyloid deposits in involved organs (at least
one biopsy specimen from either endomyocardial tissue,
bone marrow, kidney, liver or nerve). The histologic diag-
nostic criteria were Congo red-positive deposition on
light microscopy and nonbranching fibrils 8—10 nm in
diameter on electron microscopy. Immunohistochemi-
cal staining confirmed single kappa or lambda light chain
positivity. Immunofixation electrophoresis of blood and
serum free light-chains also provided evidence of a mon-
oclonal protein.

We mainly used key ECG and echocardiographic cri-
teria for CA in patients with confirmed light-chain
immunoglobulin AL amyloidosis such as mismatches of
low voltage ECG, and LVH on echo with a meanLV wall
thickness greater than 12 mm without any other causes
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of LV hypertrophy, plus supportive evidence of cardiac
involvement including elevated troponin and pro-BNP
levels [15—17]. The flowchart in Fig. 1 demonstrated our
diagnostic algorithm.

Patients with MTTR amyloidosis diagnosed by identi-
fication of TTR gene mutation combined with Congo red
staining were not included in the study. Patients with left
ventricular ejection fraction (LVEF)<50%, a history of
hypertension or aortic valve disease, and other potential
causes of LV hypertrophy were identified before enrol-
ment and were excluded from the study.

Patients were categorized into stages I through IV
based on scores according to the revised 4-point Mayo
staging system [17]. A score of 1 was assigned for
each of the following variables: troponin I>0.1 ng/
mL, N-terminal pro-B-type natriuretic peptide (NT-
proBNP)>1800 pg/mL, Free light chain difference
(FLC-diff) > 18 mg/dL.

Patients’ demographic characteristics, clinical data,
electrocardiography and tissue biopsy results were
obtained from hospital records. Echocardiographic
studies were performed at the time of diagnosis for all
patients. There was a maximum time interval of <2 weeks
between obtaining echo studies and performing biop-
sies. Patients were followed with the endpoint of all-
cause mortality. Follow-up was obtained by reviewing
the patients’ medical records or by telephone interviews
with the patients or relatives and was completed before
December 30, 2018. The study was performed in accord-
ance with the principles of the Declaration of Helsinki
and was approved by the institutional ethics committee.
All patients were provided with a written informed con-
sent by the department of nephrology or cardiology dur-
ing they hospitalization at XiJing Hospital. We followed
a strict institutional protocol regarding diagnosis, initial
evaluation, treatment, and retrospective observation in
this patient cohort.

Conventional echocardiography measurements

All echocardiographic studies were performed using
an iE33 ultrasound system (Philips Medical Systems,
Bothell, WA, USA) with a 1.0-5.0 MHz broad-band
transducer. The subjects were placed in the left lateral
recumbent position, and the ECG was recorded simulta-
neously. Conventional echocardiography was performed
with an S5-1 probe. The maximum LV wall thickness
(MLVWT). LV end-diastolic volume (LVEDV), LV end-
systolic volume (LVESV), left atrial volume (LAV),
LVEF, peak early filling (E-wave) and late diastolic filling
(A-wave) velocities was measured according to the stand-
ardized American Society of Echocardiography protocol
[18]. The E/A ratio was calculated. LAV were indexed to
body surface area [19]. The early diastolic peak velocities
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Clinical symptoms suggestive of amyloidosis: weight loss, macroglossia, periorbital spontaneous
bruise, leg edema, proteinuria, and hypotension

|

ECG, Echo, NT-proBNP, myoglobin, troponin I, serum free light chains, serum
and/or urine immunofixation electrophoresis

|

Biopsy specimens from the myocardium or other involved tissues

TTR gene mutation combined with
m »  Congo red staining positive, but

Positive Congo red staining specimens viewed under
polarized light and staining with single k or A light-
chain

both of k and A negative

EF <50%, A history of hypertension
or aortic valve disease, and other %—l

potential causes of LV hypertrophy

Echocardiographic criteria: left ventricular (LV) wall thickness greater than 12 mm without any other
causes of LV hypertrophy. ECG criteria: low voltage QRS (limb leads <0.5 mV).Serological
biomarkers criteria: cTnT > 0.025 ng/mL, and NT-proBNP >1,800 pg/ml

With cardiac involvement

Without cardiac involvement

Fig. 1 Study design and group classification

(€’) were measured at the septal and lateral insertion sites
of the mitral leaflets and averaged e’ as an index of LV
relaxation. The E/e’ ratio was calculated as an index of
LV filling pressures. We did not use left ventricular mass
index for the predictive model since it might be second-
ary to the changes involving cardiac amyloidosis.

Three-dimensional STE strain measurements

An X5-1 matrix-array transducer (Philips Medical Sys-
tems, Bothell, WA, USA) was used to acquire full-vol-
ume 3D images from the apical four-chamber views. The
images were adjusted by biplane mode to obtain images
that included the entire LV with clear endocardial bor-
ders. The participants were asked to hold their breath
during full-volume 3D data acquisition. The off-line
analysis was performed by transferring full-volume 3D
images to a TomTec workstation using analysis software
(4D LV-analysis 3.2; TomTec Imaging Systems GmbH,
Bayern, Germany). Apical two-chamber, three-chamber
and four-chamber views were automatically selected at
end-diastole.

Once the user confirmed that the automatically selected
views and the image frames were correct, the algorithm
automatically identified the LV endocardial boundary at
end-diastole. After this step, the reader could manually
edit the boundaries. Subsequently, the LV was divided
into 16 segments using standard segmentation and

expressed as per segment, per level (basal, mid, or api-
cal) mean, or global (all segments) mean. The 3D strain
measurements derived included LV peak systolic global
longitudinal strain (GLS), global radial strain (GRS),
global circumferential strain (GCS), and global area
strain (GAS), which is defined as the combination of GLS
and GCS. GLS, GRS, and GCS were averaged over the 16
segments. Segment longitudinal strain included: basal,
medial, and apical segment, apical to basal ratio (apical
segments divided by basal segments), relative apical spar-
ing (apical and mid segments divided by basal segments).
The peak value of each strain measurement was defined
as its maximum absolute value with a positive sign. The
observer was blinded to cardiac involvement or survival
status.

Biomarkers

In all patients with AL amyloidosis, blood was collected
for the measurement of the levels of myoglobin, tro-
ponin I, N-terminal proB-type natriuretic peptide (NT-
proBNP), cardiac troponin T, serum and/or urine kappa
lambda protein, and creatinine. Estimated glomerular fil-
tration rate (eGFR) was calculated by CKD-EPI formula.
The mean difference between kappa or lambda free-light
chain (FLC) in the involved FLC and uninvolved FLC was
reported as FLC-diff. Protein levels were measured from
the 24-h urine collection.
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Intra-observer and inter-observer variability analysis
Intra-observer and interobserver variability —was
assessed using the intraclass correlation coefficient. A
P value<0.05 was considered to indicate statistical sig-
nificance. Reproducibility statistical analyses were per-
formed using MedCalc statistical software version 15.2.2
(MedCalc Software, Ostend, Belgium). Intra-observer
variability was calculated by repeated measurements by
the primary reviewer (CHL) 2 months after the initial
measurement. Interobserver variability was calculated
by comparing the original GLS and GAS calculation with
that calculated by a blinded second observer (XLZ1).

Statistical analysis

Continuous variables were expressed as mean+SD or
median IQR, and categorical variables as frequencies and
percentages. The continuous data were compared using
the Student’s ¢ tests and Wilcox on-rank sum tests when
assumptions were not met. For the categorical variables,
either Pearson’s chi-squared or Fisher’s exact tests were
used. We studied echo parameters and STE-3D between
the Cardiac Involvement (CI) and without CI. Based on
the univariate analysis, clinically relevant parameters
were grouped for multivariate logistic regression model
by incorporating a set of variables that were most statisti-
cally significant and with potential clinical relevance.

For the entire cohort, Kaplan—Meier analysis was used
to estimate overall survival, and differences between
groups were tested for statistical significance using the
2-tailed log-rank test. Overall survival was defined as the
time from the date of initial diagnosis of AL to the date
of death or last follow-up. In order to identify risk fac-
tors for mortality. Univariate cox proportional hazards
regression analyses were used for each of the variables,
Multivariate Cox regression analysis was performed by
incorporating into the model a set of variables that were
most statistically significant according to univariate anal-
ysis or based on their potential clinical relevance. All the
statistical analyses were performed using SPSS statistical
software (Version 17; SPSS Inc, Chicago, IL, USA) and
MedCalc statistical software version 15.2.2 (MedCalc
Software, Ostend, Belgium). P value<0.05 was consid-
ered statistically significant.

Results

Baseline clinical characteristics and serological biomarker
evaluations

Total of 74 patients with AL amyloidosis were included
(mean age, 57.6 +10.0 years, 51.4% males): 42 (57%) with
cardiac involvement (CI) and 32 (43%) without cardiac
involvement (CI). Seventeen patients (40.5%) with car-
diac involvement and three patients (9.4%) without car-
diac involvement died during the follow-up. Patients’
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baseline clinical characteristics and serological biomarker
data are summarised in Table 1. Patients with cardiac
involvement were more likely to had higher troponin I,
cardiac troponin T and NT-proBNP levels. Mayo cardiac
stage was significantly associated with cardiac involve-
ment (P<0.001), For the entire study population, all 32
patients without cardiac involvement were of Mayo stage
I and II. Among 42 patients with cardiac involvement,
11 (26.2%) patients were with Mayo stage I and II, while
31(73.8%) patients were with Mayo stage Il and IV.

Conventional echocardiography parameters

Conventional echocardiographic parameters are detailed
in Table 2. Patients with cardiac involvement had thicker
walls, larger left atrium volume index, lower mean early
diastolic tissue Doppler velocity at the septal and lateral
mitral annulus and increased mean E/e’ ratio of mitral
inflow than patients without cardiac involvement.

Three-dimensional speckle tracking
echocardiography-derived parameters

Three-dimensional speckle tracking echocardiogra-
phy parameters are featured in Table 3. LV longitudinal,
radial and area strain were reduced in patients with car-
diac involvement compared to patients without cardiac
involvement with the most prominent impairment at the
basal and medial segments. GLS, GAS, and GRS were
significantly lower in patients with cardiac involvement;
Ratios of regional strain demonstrated an increase in api-
cal relative to basal strain, and relative apical sparing as
illustrated by the case example in Fig. 2.

Optimal cut-off points of STE-3D parameters for cardiac
involvement

The results of the univariate and multivariate regression
analyses of predictors of cardiac involvement in patients
with AL amyloidosis are demonstrated in Table 4. The
STE-3D parameters GLS, GAS were significant predic-
tors of cardiac involvement in AL amyloidosis, with GLS
showing the highest odds ratio of 4.713.

ROC analyses were performed to determine the opti-
mal thresholds associated with cardiac involvement
(Fig. 3). A baseline GLS of 16.10% predicted cardiac
involvement with sensitivity of 92.9% and specificity of
93.7%, AUC 0.943. A baseline GAS <32.95% predicted
cardiac involvement with a sensitivity of 81% and speci-
ficity of 53.1%, AUC 0.68, weaker than that of GLS.

Intra-observer and inter-observer variability analysis

For GLS, the intra-class correlation coefficient for intra-
observer agreement was 0.95 (95% CI, 0.905-0.972); and
the inter-observer agreement was 0.90 (95% CI, 0.796—
0.955). For GAS, the intra-class correlation coefficient
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Table 1 Clinical and biomarkers characteristics in amyloidosis patients by cardiac involvement (Cl) and survival status

Parameters All patients (h=74) With Cl (n=42) WithoutCl(n=32) Pvalue Non-survivors Survivors (h=54) Pvalue
(n=20)
Age (years) 5764100 5784102 572499 0778 570114 57.78+£95 0.769
Male (%) 38(514) 25 (59.5) 13 (40.6) 0.107 12 (60) 26 (48.1) 0.365
BSA (m?) 1.68+0.15 1.68+0.17 1.68+0.12 0938 166£0.17 1.68+£0.14 0.599
SBP (mm Hg) 11617 114+18 119+£16 0211 109415 119+£17 0.049
DBP (mm Hg) 73£12 7119 75+14 0226 69+10 744+12 0.102
HR (beats/min) 81£15 83+£15 7815 0129 88413 78+£15 0.012
Mayo stage
land Il (%) 43 (58.1) 11(26.2) 32(100) <0.001 7(35) 36 (66.7) 0.014
lland IV (%) 31(41.9) 31(73.8) 0(0) 13 (65) 18(33.3)
Troponin | (hg/mL) 0.04 (0.15) 0.10 (0.27) 0.01(0.02) <0.001 0.15(041) 0.025 (0.07) 0.003
cTnT (hg/mL) 0.03 (0.06) 0.06 (0.11) 0.02 (0.02) <0.001 0.10(0.14) 0.03 (0.04) 0.001
NT-proBNP (pg/ml) 769 (2901) 2436 (6514) 348 (476) <0.001 4062 (8126) 504 (1578) <0.001
FLC-diff(mg/L) 45.0(88.2) 75.7 (106.3) 273 (57.4) 0.111 100.8 (82.9) 23.9(87.6) 0.094
Serum creatinine 88.0(32) 925(39.3) 84.5(223) 0.194 935 (56.3) 86.5(29.8) 0.139
(umol/L)
eGFR (ml/ 69.4+237 740+£259 66.0+£21.6 0154 616+216 7244241 0.083
min/1.73m?)
24 h urinary protein 227 (2.23) 2.33(2.75) 227 (2.06) 0966 1.95(3.19) 234 (2.11) 0.904
(g/day)

BSA body surface area, SBP systolic blood pressure, DBP diastolic blood pressure, HR heart rate, (FLC-diff) free light chain differential, eGFR estimated glomerular

filtration rate

Table 2 Conventional echocardiography parameters in amyloidosis patients by cardiac involvement and survival status

Parameters All patients (n=74) With Cl(n=42) WithoutCl(n=32) Pvalue Non-survivors(n=20) Survivors(n=>54) Pvalue
MLVWT (mm)  13.05£3.01 15174£223 10.264+0.75 <0001 1547£291 1215£253 <0.001
LVEDV (ml) 79.27 £27.20 81.90+£32.25 75811857 0343  7450+21.58 81.04£28.99 0.362
LVESV (ml) 3348+18.16 35.61+22.77 30.69+8.75 0251 3283+1144 337242017 0.852
LVEF (%) 58.56£6.02 57.754+6.96 59.624+4.39 0.187 56.23+5.10 5942+6.15 0.042
LAVI (ml/m?) 317941052 3561+11.10 26.79+7.21 <0.001 349741454 30.52+834 0.208
E/A 1.22+144 1.214+0.75 1.254+2.02 0.909 1.294+0.85 1.20+1.60 0.815
e'(cm/s) 6.114+2.16 5054£1.69 7514£191 <0.001 458+1.80 6.6842.00 <0.001
E/e' 13.24+7.18 16.57+7.69 896+3.15 <0001 17.77+885 11.31£581 <0.001

MLVYWT maximum left ventricular wall thickness, LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, LAV/ left atrial volume index,
LVEF left ventricular ejection fraction, E early diastolic mitral flow velocity, A late diastolic mitral flow velocity, e’ early diastolic tissue Doppler velocity at medial mitral

annulus

for intra-observer agreement was 0.93 (95% CI, 0.844—
0.973); and the interobserver agreement was 0.87 (95%
CI, 0.713-0.944), reflecting substantial agreement for
measurement of GLS and GAS.

Survival analysis

During the median follow-up of 12.5 months (range
4-25 months), 20 (27%) patients with AL amyloido-
sis died, 9 died due to sudden death, 1 due to cerebral
haemorrhage, 6 due to heart failure, 1 because of renal
failure, 1 after gastrointestinal bleeding, and, 2 due to

multi-organ failure. Tables 1, 2 and 3 illustrated the
baseline clinical characteristics and echocardiographic
measurements of the survivors (n=>54) and non-survi-
vors (n=20). Among the echocardiographic parame-
ters, MLVWT, mean E/e’ ratio, GLS, GRS, GAS, apical/
basal ratio and relative apical sparing showed significant
differences (P<0.05) between survivors and non-sur-
vivors. The univariable Cox regression survival analy-
sis is shown in Table 5. Heart rate, cITnT, NT-proBNP
levels, E/e, GLS and GAS were univariate predictors of
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Table 3 Three-dimensional speckle tracking echocardiography-derived parameters in amyloidosis patients by cardiac
involvement and survival status

Parameters All patients (n=74) With Cl(n=42) WithoutCl(n=32) Pvalue Non-survivors Survivors (n=54) Pvalue
(n=20)
Global strain
GLS (%) 15.79+2.37 1428+ 1.89 17.76+1.14 <0.001 14224268 1637+£1.96 <0.001
GRS (%) 36.354+3.70 34644372 3860+2.19 <0001 3432+385 37104338 0.003
GCS (%) 27.97 £2.94 27594330 28494233 0196 27324252 28224+3.06 0.240
GAS (%) 32454301 31624328 3356227 0.005 31174297 32934293 0.025
Segments longitudinal strain
Basal segments(%) 1551+£3.89 13.35+£3.09 1833+£294 <0.001 12304351 16.69+3.34 <0.001
Medial segments 1454+£259 13.32+£2.16 16.15£2.22 <0.001 13794271 1482+251 0.132
(%)
Apical segments (%) 18.78 +4.05 17.894+3.94 19.96 +3.95 0.029 1861+5.12 18.85+3.64 0.823
Apical/basal ratio 131£0.51 1444056 1.1440.36 0.006 1624062 1.194+040 0.009
Relative apical 2294072 24840.79 2054055 0007 2784082 2114059 0.002
sparing

GLS global longitudinal strain, GRS global radial strain, GCS global circumferential strain,GAS global area strain

Lo dizel
oo (Ms]

Fig. 2 Longitudinal strain curve of amyloidosis patients with and without cardiac involvement. Note the separation of strain curves with higher
strain in the apical versus basal segments as well as the prominent green color indicating higher strains in the apical segments STE-3D maps. a
Longitudinal strain curve of patients with cardiac involvement. b Longitudinal strain curve of patients without cardiac involvement

all-cause mortality. In the multivariate survival analysis  the biomarkers cTnT > 0.049 mg/l (HR: 5.552; 95% CI:
GLS <14.78% (HR: 1.275; 95% CI: 1.017 to 1.597), and  1.543 to 19.981) was an independent predictor of sur-
vival. GLS <14.78% and cTnT >0.049 mg/l provided
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Table 4 Univariate regression analysis of predictors cardiac involvement in AL amyloidosis patients

Parameters Univariate OR (95% Cl) P value Multivariate OR (95% ClI) P value
Age (years) 1.007 (0.961-1.055) 0.774 NI NA
Gender 0465 (0.182-1.187) 0.109 NI NA

Log cTnT (mg/l) 21.22 (4514-99.71) <0.001 NI NA
LogNT-proBNP (pg/ml) 11.30 (3.683-34.682) <0.001 2.386 (1.081-5.265) 0.031
LAVI (ml/m?) 1.1008 (1.042-1.177) 0.001 NI NA

E/e 1.358 (1.159-1.591) <0.001 0.020 (1.035-1.006) 0.020
GLS (%) 4516 (2.410-8.462) 0.000 1310 (1.050-1.632) 0016
GRS (%) 0.554 (0.414-0.742) 0.000 NI NA
GAS (%) 1318 (1.072-1.621) 0.009 1.126 (1.020-1.244) 0.019

NI not included in model, NA not applicable

100
80 -
> 60
=
.‘ﬁ
c
[
2] 40 H
20 H
GAS
0'...|.,,|...|.,,|,..|*GLS
0 20 40 60 80 100
100-Specificity
Fig. 3 ROC curves comparing STE-3D echocardiographic parameters
for their accuracy to predict cardiac involvement

the best cut-off values to predict death (p<0.001,
respectively) (Fig. 4a, b).

Discussion

This study comprehensively assessed cardiac proper-
ties of patients with AL amyloidosis analysing clinical,
conventional echocardiography, serological biomarker

and STE-3D derived myocardial function data. The
primary findings of the study were as follows: GLS and
GAS were significantly decreased in patients with car-
diac involvement. The most prominent decrease was
at the basal and medial segments, as manifested by the
apical to basal strain ratio and relative apical sparing.
GLS threshold <16.10% and GAS threshold <32.95%
demonstrated predictive value in patients with AL amy-
loidosis. Abnormalities in GLS, GAS, apical/basal ratio
and relative apical sparing assessed with STE-3D were
also associated with reduced survival.

AL amyloidosis is characterised by a relatively low
burden of clonal plasma cells and involvement of mul-
tiple organs by immunoglobulin light chain-derived
amyloid fibrils [20]. The course of the disease is more
likely to be progressive if there is cardiac involvement
[7, 21]. Cardiac involvement is the main cause of death
in patients with AL amyloidosis, and is an important
prognostic factor. Conventional echocardiographic fea-
tures typically include characteristic thickening of the
left and right ventricular wall, valvular thickening, a
sparkling texture of the myocardium, pericardial effu-
sion and advanced diastolic dysfunction [22, 23]. The
degree of LV hypertrophy is associated with poor out-
comes in these patients [24]. Previous findings showed

Table 5 Univariate and multivariate Cox proportional models of predictors of survival

Parameters Univariate HR (95% ClI) P value Multivariate HR (95% Cl) P value
Age (years) 0.995 (0.952-1.039) 0.796 NI NA

HR (beats/min) 1.036 (1.008-1.066) 0.011 NI NA

Log cTnT (ng/mL) 8.659 (2.847-26.337) <0.001 5.552 (1.543-19.981) 0.009
Log NT-proBNP (pg/ml) 3.596 (1.696-7.512) 0.001 NI NA

E/e’ 1.086 (1.036-1.139) 0.001 1.142 (0.891-1.463) 0.294
GLS<14.78% 1.385 (W 58-1.656) <0.001 1.275(1.017-1.597) 0.035
GAS (%) 0(1.031-1.284) 0.013 NI NA

NI not included in model, NA not applicable
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Fig. 4 Kaplan-Meier representation of survival as stratified by
GLS and cTnT. Patients with GLS baseline lower than 14.78% had a
significant reduction in survival (). Patients with cTnT baseline higher
than 0.049 had a significant reduction in survival (b)

that longitudinal strain abnormalities were evident
before the conventional echocardiography [25, 26].
Koyama et al. [27] demonstrated the ability of longitu-
dinal strain to identify cardiac involvement in systemic
AL amyloidosis with a TDI-derived strain. Several previ-
ous studies on AL amyloidosis have shown that the lon-
gitudinal strain determination by STE-2D was effective
in detecting early cardiac involvement [15, 28]. Barros-
Gomes et al. [15] observed that the longitudinal strain
showed significant differences between cardiac and
non-cardiac involvement. In recent years, STE-3D was
developed on the basis of real-time three-dimensional
echocardiography and speckle tracking technology. It
has now emerged as a very useful method for analysing
the complexity of LV mechanics in the three-dimen-
sional space [29]. STE-3D offers additional deformation
parameters (such as area strain) and a comprehensive
quantification of LV geometry and function from a sin-
gle 3D acquisition. STE-3D has provided new insights
into LV mechanics in several clinical fields, such as the
assessment of global and regional LV function in coro-
nary artery disease [30], valvular heart disease [31] and
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examination of left and right ventricular myocardial
mechanics in light-chain CA [21].

Our study demonstrated the value of STE-3D param-
eters in identifying cardiac involvement in systemic AL
amyloidosis. We found that patients with cardiac amy-
loidosis presented with considerable impairment in LV
mechanics. They had decreased GLS, GAS, increased
apical/basal ratio and relative apical sparing values. Our
findings confirmed other published reports of longitudi-
nal strain to predict cardiac involvement in patients with
AL amyloidosis. LV longitudinal strain was markedly
decreased in cardiac amyloidosis patients with the most
prominent reduction in the basal segments while the api-
cal strain was preserved. Basal strain impairment, rela-
tive to apical strain preservation, has been reported and
serves as a useful discriminator between the AL-CA and
other forms of myocardial hypertrophy such as systemic
arterial hypertension, athletes and hypertrophic cardio-
myopathy [32]. Based on our data, we calculated cardiac
involvement threshold of GLS <16.10%, with a high sen-
sitivity of 92.9% and specificity of 93.7%.

In AL amyloidosis, GLS abnormalities were likely
related to immunoglobulin deposition in the LV endocar-
dium. Cardiac amyloid burden can be reflected by myo-
cardial extracellular volume fraction [33]. The motion
along the long axis of the heart is probably the most
fundamental mechanism of the ventricles twisting and
untwisting in combination with longitudinal shortening
[34]. Longitudinal LV mechanics are the most sensitive
for early changes in myocardial disease. Magnetic reso-
nance tomographic observations also demonstrated that
the subendocardial myocardium was affected first by the
disease [35], supporting the notion that longitudinal fib-
ers were involved during the early disease course.

Global area strain (GAS) reflects the relative area of
change that combines of both longitudinal and circum-
ferential shortening [29]. Given that GAS results from
the combination of longitudinal and circumferential
strain [36], making it attractive for the study of LV sub-
clinical dysfunction. In our study population, reduced
GAS was an independent predictor of cardiac involve-
ment in AL amyloidosis; however, its diagnostic accu-
racy was weaker than that of GLS for the early detection
of LV myocardium impairment. Nevertheless, based
on the multivariate analysis it may have an incremen-
tal value for predicting survival in our patients with AL
amyloidosis. In the current study, non-survivors had a
significant decrease in GLS and GAS in both univariate
and multivariate analyses. In the multivariate Cox model,
a GLS less than 14.78% was an independent predictor
of survival. Our observation underscored the potential
benefit of strain for predicting outcome. Previous stud-
ies have reported that reduced LV longitudinal strain
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function was an independent predictor of survival in
AL amyloidosis [15, 26, 37, 38]. Buss et al. [38] demon-
strated that quantification of LV longitudinal function
by LS and 2D-GLS provided incremental prognostic
value regarding the cardiovascular outcomes in AL amy-
loidosis and that this approach appeared to be superior
to standard echocardiography. Barros-Gomes et al. [15]
demonstrated that GLS>—14.81% was independent
predictors of survival and incorporation of GLS into the
echocardiographic examination of patients with AL amy-
loidosis improves the risk stratification for survival. We
do want to point out that myocardial biomarkers includ-
ing cardiac troponin levels remain as the most important
survival predictors, while measurement of the LV myo-
cardial mechanics of GLS assessed by STE-3D contrib-
uted to the prediction of survival in patients with AL.

We feel that multi-modality imaging will play impor-
tant roles for the diagnosis of AL amyloidosis with car-
diac involvement. A recently published large European
study used T1 mapping for the assessment of CA. A
native T1<1036 ms was associated with 98% negative
predictive value for CA whereas a native T1>1164 ms
was associated with 98% positive predictive value for
CA. The authors proposed using these cut-off values to
exclude or confirm CA and to restrict the administration
of contrast only to patients with intermediate probability
[39]. Preliminary works by Moiiivas et al. [40] suggested
that free wall RV strain showed same apical sparing pat-
tern as the left ventricle, but basal and mid involvement
varied among different subtypes. By combing echo,
nuclear, cardiac MRI imaging, and serum biomarkers,
clinicians will be able to diagnose patients with cardiac
amyloidosis, and provide accurate assessment of the clin-
ical staging, amyloid burden, and prognosis.

Study limitations

Our study is a retrospective, single-center cohort with
a relatively small sample size. In future studies, a suffi-
ciently large number of patients with confirmed cardiac
events will be important to verify the results of our sur-
vival analyses and to explore the value of other strain
parameters. A single diagnostic gold standard such as
cardiac biopsy was not used in all patients to define car-
diac involvement. The reference values may vary among
studies due to the use of different scanners and software
algorithms for computing 3D strain. The STE-3D param-
eters GLS and GAS are not standardized yet, and the
cut-off values identified in the current study might not be
applicable when using a system different from our study.
We did not have RV STE-3D data in our patients. Once
validated in the future, RV STE-3D may potentially be
utilized to assess the mechanics of the right ventricle and
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provide additional information for assessing prognosis in
CA patients.

Conclusions

The prognosis was poor for patients with AL amyloi-
dosis and cardiac involvement. Early identification of
patients with cardiac involvement is essential. Our data
suggest that STE-3D measurement of the LV myocardial
mechanics could identify early cardiac impairment and
improve risk stratification in patients with primary sys-
temic AL amyloidosis, and provide incremental benefit
beyond standard assessments such as 2D echocardio-
graphic metrics, troponin T and NT-proBNP.

Abbreviations

AL: Light-chain; CA: Cardiac amyloidosis; BSA: Body surface area; SBP: Systolic
blood pressure; DBP: Diastolic blood pressure; HR: Heart rate; LV: Left ventricu-
lar; FLC-diff: Free light chain differential; STE-3D: Three-dimensional speckle-
tracking echocardiography; TDI: Tissue Doppler imaging; MLYWT: Maximum
left ventricular wall thickness; LVEDV: Left ventricular end-diastolic volume;
LVESV: Left ventricular end systolic volume; LAVI: Left atrial volume index;
LVEF: Left ventricular ejection fraction; E: Early diastolic mitral flow velocity; A:
Late diastolic mitral flow velocity; e" Early diastolic tissue Doppler velocity at
medial mitral annulus; GLS: Global longitudinal strain; GRS: Global radial strain;
GCS: Global circumferential strain; GAS: Global area strain; eGFR: Estimated
glomerular filtration rate; Cl: Cardiac involvement.

Acknowledgements

Our abstract was presented at the 30th Great Wall International Congress of
Cardiology, Beijing, China. We are grateful to the staff at the Electrocardiogra-
phy Laboratory and Statistics Office in XiJing Hospital. Xi/an, China.

Authors’ contributions

CHL, conceived the original idea; research design, analysis and interpreta-
tion of data; reviewed the literature and wrote the original manuscript. DHH,
research design; interpretation of data and manuscript revision. XLZ1and LZ,
contributed to the clinical data and echocardiographic data, YW, contributed
to clinical data and the blood sample. QLY, XLZ2 and XL, participated in the
experiments. SJT: performed the statistical analysis; JW, SRS, LWL: interpre-
tation of data; funding support and manuscript review. All authors read,
discussed, and revised the initial manuscript and contributed to the final
manuscript. All authors read and approved the final manuscript.

Funding

This project was supported by the International Science and Technology
Cooperation. Program of China (2014DFA31980); Shaanxi Provincial Key
Project (2017ZDXM-SF-058); National Natural Science Foundation of China
(81601498), and National Natural Science. Foundation of China (81600562).
The funding body had no role in the design of the study, collection, analysis,
and interpretation of data, and in writing the manuscript.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Xijing Hospital of
China(KY20163160-1). All patients signed written informed consents during
their hospitalization.

Consent for publication
Not applicable.



Lei et al. BMC Cardiovasc Disord (2021) 21:43

Competing interests
All authors declare that they have no competing interests.

Author details

! Xijing Hypertrophic Cardiomyopathy Center, Department of Ultrasound,
Xijing Hospital, Xi'an, China. 2 Department of Cardiology, Heart and Vascular
Institute, Stamford Hospital, Stamford, CT, USA. * Department of Ultrasound,
Yan'an Hospital, Yan'an, Shannxi, China.  Department of Nephrology, XiJing

Hospital, Xi'an, Shannxi, China.

Received: 5 January 2020 Accepted: 6 January 2021
Published online: 21 January 2021

References

1.

Kyle RA, Linos A, Beard CM, Linke RP, Gertz MA, O'Fallon WM, Kurland LT.
Incidence and natural history of primary systemic amyloidosis in Olmsted
County, Minnesota, 1950 through 1989. Blood. 1992,79(7):1817-22.
Gertz MA. Immunoglobulin light chain amyloidosis diagnosis and treat-
ment algorithm 2018. Blood Cancer J. 2018;8(5):1-8.

Martha Grogan AD, Gertz MA. Light-chain cardiac amyloidosis:

strategies to promote early diagnosis and cardiac response. Heart.
2017;103(14):1065-72.

Chew C, Ziady GM, Raphael MJ, Oakley CM. The functional defect

in amyloid heart disease. The “stiff heart” syndrome. Am J Cardiol.
1975,36(4):438-44.

Rapezzi C, Merlini G, Quarta CC, Riva L, Longhi S, Leone O, Salvi F,
Ciliberti P, Pastorelli F, Biagini E, et al. Systemic cardiac amyloidoses:
disease profiles and clinical courses of the 3 main types. Circulation.
2009;120(13):1203-12.

Kristen AV, Giannitsis E, Lehrke S, Hegenbart U, Konstandin M, Lin-
denmaier D, Merkle C, Hardt S, Schnabel PA, Rocken C, et al. Assess-
ment of disease severity and outcome in patients with systemic
light-chain amyloidosis by the high-sensitivity troponin T assay. Blood.
2010;116(14):2455-61.

Merlini G, Seldin DC, Gertz MA. Amyloidosis: pathogenesis and

new therapeutic options. J Clin Oncol Off J Am Soc Clin Oncol.
2011;29(14):1924-33.

Kapoor P, Thenappan T, Singh E, Kumar S, Greipp PR. Cardiac amyloi-
dosis: a practical approach to diagnosis and management. Am J Med.
2011;124(11):1006-15.

Westermark P. Classification of amyloid fibril proteins and their precursors:
an ongoing discussion. Amyloid-J Protein Fold Disord. 2009;4(3):216-8.
Kyriakou P, Mouselimis D, Tsarouchas A, Rigopoulos A, Bakogiannis C.
Diagnosis of cardiac amyloidosis: a systematic review on the role of imag-
ing and biomarkers. BMC Cardiovasc Disord. 2018;18(1):221.

Alexander KM, Evangelisti A, Witteles RM. Diagnosis and treatment

of cardiac amyloidosis related to plasma cell dyscrasias. Cardiol Clin.
2019,37(4):487-95.

Bellavia D, Pellikka PA, Al-Zahrani GB, Abraham TP, Dispenzieri A, Miyazaki
C, Lacy M, Scott CG, Oh JK, Miller FA Jr. Independent predictors of survival
in primary systemic (Al) amyloidosis, including cardiac biomarkers and
left ventricular strain imaging: an observational cohort study. J Am Soc
Echocardiogr Off Publ Am Soc Echocardiogr. 2010;23(6):643-52.

Koyama J, Ray-Sequin PA, Falk RH. Longitudinal myocardial function
assessed by tissue velocity, strain, and strain rate tissue Doppler echocar-
diography in patients with AL (primary) cardiac amyloidosis. Circulation.
2003;107(19):2446-52.

Nemes A, Kalapos A, Domsik P, Forster T. Three-dimensional speckle-
tracking echocardiography—a further step in non-invasive three-dimen-
sional cardiac imaging. Orv Hetil. 2012;153(40):1570-7.

Barros-Gomes S, Williams B, Nhola LF, Grogan M, Maalouf JF, Dispenzieri
A, Pellikka PA, Villarraga HR. Prognosis of light chain amyloidosis with
preserved LVEF: added value of 2D speckle-tracking echocardiography
to the current prognostic staging system. JACC Cardiovasc Imaging.
2017;10(4):398-407.

Gertz MA, Comenzo R, Falk RH, Fermand JP, Hazenberg BP, Hawkins PN,
Merlini G, Moreau P, Ronco P, Sanchorawala V, et al. Definition of organ
involvement and treatment response in immunoglobulin light chain
amyloidosis (AL): a consensus opinion from the 10th International

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 10 of 11

Symposium on Amyloid and Amyloidosis, Tours, France, 18-22 April 2004.
Am J Hematol. 2005;79(4):319-28.

. Kumar S, Dispenzieri A, Lacy MQ, Hayman SR, Buadi FK, Colby C, Laumann

K, Zeldenrust SR, Leung N, Dingli D, et al. Revised prognostic staging
system for light chain amyloidosis incorporating cardiac biomarkers and
serum free light chain measurements. J Clin Oncol Off J Am Soc Clin
Oncol. 2012;30(9):989-95.

. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, Flach-

skampf FA, Foster E, Goldstein SA, Kuznetsova T, et al. Recommendations
for cardiac chamber quantification by echocardiography in adults: an
update from the American Society of Echocardiography and the Euro-
pean Association of Cardiovascular Imaging. J Am Soc Echocardiogr Off
Publ Am Soc Echocardiogr. 2015;28(1):1-39.e14.

. de Simone G, Daniels SR, Devereux RB, Meyer RA, Roman MJ, de Divitiis

O, Alderman MH. Left ventricular mass and body size in normotensive
children and adults: assessment of allometric relations and impact of
overweight. J Am Coll Cardiol. 1992;20(5):1251-60.

Gertz MA. Immunoglobulin light chain amyloidosis: 2011 update

on diagnosis, risk-stratification, and management. Am J Hematol.
2011,86(2):180-6.

Urbano-Moral JA, Gangadharamurthy D, Comenzo RL, Pandian NG, Patel
AR. Three-dimensional speckle tracking echocardiography in light chain
cardiac amyloidosis: examination of left and right ventricular myocar-
dial mechanics parameters. Revista espanola de cardiologia (Engl Ed).
2015;68(8):657-64.

Falk RH. Diagnosis and management of the cardiac amyloidoses. Circula-
tion. 2005;112(13):2047-60.

Porciani MC, Lilli A, Perfetto F, Cappelli F, Massimiliano Rao C, Del Pace

S, Ciaccheri M, Castelli G, Tarquini R, Romagnani L, et al. Tissue Dop-

pler and strain imaging: a new tool for early detection of cardiac
amyloidosis. Amyloid Int J Exp Clin Investig Off J Int Soc Amyloidosis.
2009;16(2):63-70.

Kristen AV, Perz JB, Schonland SO, Hegenbart U, Schnabel PA, Kristen JH,
Goldschmidt H, Katus HA, Dengler TJ. Non-invasive predictors of survival
in cardiac amyloidosis. Eur J Heart Fail. 2007,9(6-7):617-24.

Liu D, Niemann M, Hu K, Herrmann S, Stork S, Knop S, Ertl G, Weidemann
F. Echocardiographic evaluation of systolic and diastolic function in
patients with cardiac amyloidosis. Am J Cardiol. 2011;108(4):591-8.
Cacciapuoti F. The role of echocardiography in the non-invasive diagnosis
of cardiac amyloidosis. J Echocardiogr. 2015;13(3):84-9.

Koyama J, Falk RH. Prognostic significance of strain Doppler imaging in
light-chain amyloidosis. JACC Cardiovasc Imaging. 2010;3(4):333-42.
Quarta CC, Solomon SD, Uraizee |, Kruger J, Longhi S, Ferlito M, Gagliardi
C, Milandri A, Rapezzi C, Falk RH. Left ventricular structure and function in
transthyretin-related versus light-chain cardiac amyloidosis. Circulation.
2014,129(18):1840-9.

Muraru D, Niero A, Rodriguez-Zanella H, Cherata D, Badano L. Three-
dimensional speckle-tracking echocardiography: benefits and limitations
of integrating myocardial mechanics with three-dimensional imaging.
Cardiovasc Diagn Therapy. 2018;8(1):101-17.

Shin SH, Suh YJ, Baek YS, Lee MJ, Park SD, Kwon SW, Woo SI, Kim DH,

Park KS, Kwan J. Impact of area strain by 3D speckle tracking on clinical
outcome in patients after acute myocardial infarction. Echocardiography
(Mount Kisco, NY). 2016,33(12):1854-9.

Broch K, de Marchi SF, Massey R, Hisdal J, Aakhus S, Gullestad L, Urheim
S. Left ventricular contraction pattern in chronic aortic regurgitation and
preserved ejection fraction: simultaneous stress—strain analysis by three-
dimensional echocardiography. J Am Soc Echocardiogr Off Publ Am Soc
Echocardiogr. 2017;30(4):422-430.e422.

Vitarelli A, Lai S, Petrucci MT, Gaudio C, Capotosto L, Mangieri E, Ricci

S, Germano G, De Sio S, Truscelli G, et al. Biventricular assessment of
light-chain amyloidosis using 3D speckle tracking echocardiography:
differentiation from other forms of myocardial hypertrophy. Int J Cardiol.
2018;271:371-7.

Banypersad SM, Sado DM, Flett AS, Gibbs SD, Pinney JH, Maestrini V,

Cox AT, Fontana M, Whelan CJ, Wechalekar AD, et al. Quantification of
myocardial extracellular volume fraction in systemic AL amyloidosis:

an equilibrium contrast cardiovascular magnetic resonance study. Circ
Cardiovasc Imaging. 2013;6(1):34-9.

Carlsson M, Ugander M, Mosen H, Buhre T, Arheden H. Atrioventricular
plane displacement is the major contributor to left ventricular pumping



Lei et al. BMC Cardiovasc Disord (2021) 21:43

35.

36.

37.

38.

in healthy adults, athletes, and patients with dilated cardiomyopathy. Am
J Physiol Heart Circul Physiol. 2007;292(3):H1452-1459.

Vogelsberg H, Mahrholdt H, Deluigi CC, Yilmaz A, Kispert EM, Greulich S,
Klingel K, Kandolf R, Sechtem U. Cardiovascular magnetic resonance in
clinically suspected cardiac amyloidosis: noninvasive imaging compared
to endomyocardial biopsy. J Am Coll Cardiol. 2008;51(10):1022-30.

SeoY, Ishizu T, Enomoto Y, Sugimori H, Aonuma K. Endocardial surface
area tracking for assessment of regional LV wall deformation with 3D
speckle tracking imaging. JACC Cardiovasc Imaging. 2011;4(4):358-65.
Ternacle J, Bodez D, Guellich A, Audureau E, Rappeneau S, Lim P, Radu C,
Guendouz S, Couetil JP, Benhaiem N, et al. Causes and consequences of
longitudinal LV dysfunction assessed by 2D strain echocardiography in
cardiac amyloidosis. JACC Cardiovasc Imaging. 2016;9(2):126-38.

Buss SJ, Emami M, Mereles D, Korosoglou G, Kristen AV, Voss A, Schellberg
D, Zugck C, Galuschky C, Giannitsis E, et al. Longitudinal left ventricular
function for prediction of survival in systemic light-chain amyloidosis:

Page 11 of 11

incremental value compared with clinical and biochemical markers. J Am
Coll Cardiol. 2012;60(12):1067-76.

39. Baggiano A, Boldrini M, Martinez-Naharro A, Kotecha T, Petrie A, Rezk T,
Gritti M, Quarta C, Knight DS, Wechalekar AD, et al. Noncontrast magnetic
resonance for the diagnosis of cardiac amyloidosis. JACC Cardiovasc
Imaging. 2020;13(1 Pt 1):69-80.

40. Monivas PV, Durante-Lopez A, Sanabria MT, Cubero JS, Gonzalez-Mirelis
J, Lopez-Ibor JV, Navarro Rico SM, Krsnik I, Dominguez F, Mingo AM,
Hernandez-Perez FJ, Cavero G, Santos SM. Role of right ventricular strain
measured by two-dimensional echocardiography in the diagnosis of
cardiac amyloidosis. J Am Soc Echocardiogr. 2019;32(7):845-853.e1.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Predictors of cardiac involvement and survival in patients with primary systemic light-chain amyloidosis: roles of the clinical, chemical, and 3-D speckle tracking echocardiography parameters
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Conventional echocardiography measurements
	Three-dimensional STE strain measurements
	Biomarkers
	Intra-observer and inter-observer variability analysis
	Statistical analysis

	Results
	Baseline clinical characteristics and serological biomarker evaluations
	Conventional echocardiography parameters
	Three-dimensional speckle tracking echocardiography-derived parameters
	Optimal cut-off points of STE-3D parameters for cardiac involvement
	Intra-observer and inter-observer variability analysis
	Survival analysis

	Discussion
	Study limitations
	Conclusions
	Acknowledgements
	References


