
J A C C : C A R D I O V A S C U L A R I M A G I N G V O L . 1 3 , N O . 4 , 2 0 2 0

ª 2 0 2 0 P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E

A M E R I C A N C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N
ORIGINAL RESEARCH
Multiparametric Echocardiography
Scores for the Diagnosis of
Cardiac Amyloidosis

Michele Boldrini, MD,a,b Francesco Cappelli, MD,c Liza Chacko, MD,a Maria Alejandra Restrepo-Cordoba, MD,d,e

Angela Lopez-Sainz, MD, PHD,d,e Alberto Giannoni, MD, PHD,f,g Alberto Aimo, MD, MRCP,a,g Andrea Baggiano, MD,h

Ana Martinez-Naharro, MD,a Carol Whelan, MD,a Cristina Quarta, MD, PHD,a Claudio Passino, MD,f,g

Vincenzo Castiglione, MD,g Vladyslav Chubuchnyi, MD,f Valentina Spini, MD,f Claudia Taddei, BSC,f

Giuseppe Vergaro, MD, PHD,f,g Aviva Petrie, BSC (HONS),i Luis Ruiz-Guerrero, MD,d Vanessa Moñivas, MD, PHD,j

Susana Mingo-Santos, MD, PHD,j Jesus G. Mirelis, MD, PHD,d,e Fernando Dominguez, MD, PHD,d,e

Esther Gonzalez-Lopez, MD, PHD,d,e Stefano Perlini, MD, PHD,b Gianluca Pontone, MD, PHD,h

Julian Gillmore, MD, PHD,a Philip N. Hawkins, PHD, FMEDSCI,a Pablo Garcia-Pavia, MD, PHD,d,e,j

Michele Emdin, MD, PHD,f,g Marianna Fontana, MD, PHDa
ABSTRACT
ISS

Fro

De

Sci

Flo

Bio
gIn

De

Vit
OBJECTIVES This study aimed to investigate the accuracy of a broad range of echocardiographic variables to develop

multiparametric scores to diagnose CA in patients with proven light chain (AL) amyloidosis or those with increased heart

wall thickness who had amyloid was suspected. We also aimed to further characterize the structural and functional

changes associated with amyloid infiltration.

BACKGROUND Cardiac amyloidosis (CA) is a serious but increasingly treatable cause of heart failure. Diagnosis is

challenging and frequently unclear at echocardiography, which remains the most often used imaging tool.

METHODS We studied 1,187 consecutive patients evaluated at 3 referral centers for CA and analyzed morphological,

functional, and strain-derived echocardiogram parameters with the aim of developing a score-based diagnostic algo-

rithm. Cardiac amyloid burden was quantified by using extracellular volume measurements at cardiac magnetic

resonance.

RESULTS A total of 332 patients were diagnosed with AL amyloidosis and 339 patients with transthyretin CA.

Concentric remodeling and strain-derived parameters displayed the best diagnostic performance. A multivariable logistic

regression model incorporating relative wall thickness, E wave/e0 wave ratio, longitudinal strain, and tricuspid annular

plane systolic excursion had the greatest diagnostic performance in AL amyloidosis (area under the curve: 0.90; 95%

confidence interval: 0.87 to 0.92), whereas the addition of septal apical–to–base ratio yielded the best diagnostic ac-

curacy in the increased heart wall thickness group (area under the curve: 0.80; 95% confidence interval: 0.85 to 0.90).

CONCLUSIONS Specific functional and structural parameters characterize different burdens of CA deposition with

different diagnostic performances and enable the definition of 2 scores that are sensitive and specific tools with which

diagnose or exclude CA. (J Am Coll Cardiol Img 2020;13:909–20) © 2020 Published by Elsevier on behalf of the

American College of Cardiology Foundation.
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ABBR EV I A T I ON S

AND ACRONYMS

AL = light chain

ATTR = transthyretin

AUC = area under the curve

CA = cardiac amyloidosis

CMR = cardiac magnetic

resonance

E/A = diastolic dysfunction

E/e0 = E-wave/e0-wave

ECV = extracellular volume

EFSR = ejection fraction/

longitudinal strain ratio

IVSd = interventricular septum

in diastole

IWT = increased wall thickness

LAA = left atrium area

LS = longitudinal strain

LV = left ventricular

LVEF = left ventricular ejection

fraction

MAPSE = mitral annular plane

systolic excursion

MCF = myocardial contraction

fraction

NT-proBNP = N-terminal pro-

B–type natriuretic peptide

PWTd = diastolic posterior

wall thickness

RALS = relative apical

longitudinal sparing

RWT = relative wall thickness

SAB = systolic apex-to-base

ratio

TAPSE = tricuspid annular

plane systolic excursion
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C ardiac amyloidosis (CA) is a progres-
sive disorder and an underdiag-
nosed cause of heart failure. Both

its poor prognosis compared with other hy-
pertrophic phenocopies and the increasing
availability of disease-modifying treatments
underscore the importance of early diag-
nosis. Endomyocardial biopsy has tradition-
ally been the gold standard for diagnosis of
CA, but its invasive nature has curtailed its
use, leading to more dependence on cardiac
imaging. Cardiac magnetic resonance (CMR)
and diphosphonate scintigraphy have
recently been validated as reliable tools for
the diagnosis of CA and, therefore, have
great potential for transforming the diag-
nostic pathway in suspected CA (1–3), but
their availability remains limited. By
contrast, echocardiography remains the
first-line imaging technique for patients pre-
senting with heart failure, but diagnosis of
CA is frequently delayed or missed, due in
part to the limited sensitivity and specificity
of the wall thickness alone or wall thickness
plus N-terminal pro-B–type natriuretic pep-
tide (NT-proBNP), as recommended by the
current diagnostic criteria (4,5). Echocardio-
graphic findings that have been proposed
for diagnosis of CA range from conventional
LV remodeling parameters to those evalu-
ating diastolic function and deformation
(5–20). However, the diagnostic accuracy of
these indices has been tested only in studies
focusing on single variables (9,18,21) and
small retrospective studies (22–28), leaving
a knowledge gap in the clinical utility of the
various echocardiographic parameters or their combi-
nation in patients for whom there is a clinical suspi-
cion of CA.
SEE PAGE 921
Two fundamental clinical scenarios can be identi-
fied: first, in patients with confirmed systemic light
chain (AL) amyloidosis, who had the structural and
functional changes of early cardiac amyloid involve-
ment can be extremely subtle and yet can strongly
influence prognosis and therapeutic decisions;
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second, as a differential diagnosis among patients
with a hypertrophic phenotype, which is far more
commonly due to hypertensive heart disease, aortic
stenosis, or hypertrophic cardiomyopathy.

The aims of the present study were as follows: 1) to
assess the relative diagnostic accuracy of a
broad range of echocardiographic variables in a
large, multicenter cohort of consecutive patients
referred for suspected CA; 2) to develop a refined
multiparametric approach to enhance diagnosis of CA
in the 2 challenging clinical scenarios of patients with
known systemic AL amyloidosis and patients pre-
senting with a hypertrophic phenotype; and 3) to
further characterize functional and structural cardiac
abnormalities that occur in CA across a wide spectrum
of cardiac amyloid burden.

METHODS

PATIENTS. The study subjects comprised consecutive
patients referred for suspected CA between 2009 and
2018 to 3 specialized centers: National Amyloidosis
Centre, London, United Kingdom (n ¼ 899); Fonda-
zione Toscana Gabriele Monasterio, Pisa, Italy
(n¼ 180); and Hospital Puerta de Hierro, Madrid, Spain
(n ¼ 108). The study population was categorized for
analysis into 2 groups: patients with proven systemic
AL amyloidosis (n ¼ 494) and patients with increased
left ventricular wall thickness on echocardiogram
(interventricular septum in diastole [IVSd] or diastolic
posterior wall thickness [PWTd] $12 mm) that had
suggested the possibility of amyloidosis (n ¼ 978).

All patients underwent a complete diagnostic work-
up including clinical evaluation, echocardiography,
serum and urine biochemistry comprising N-terminal
pro-B-type natriuretic peptide (NT-proBNP), serum
free light chain assay along with serum and urine
immunofixation electrophoresis and myocardial or
nonmyocardial biopsy. CMR was performed in 85%
of patients according to standardized protocols. Pa-
tients with suspected transthyretin (ATTR) CA also
underwent diphosphonate scintigraphy. The study
received ethics approval at each participating center.

DIAGNOSIS OF CA. Cardiac AL amyloidosis was
defined either by the combination of typical features
on CMR (1,3) and histologically proven systemic AL
amyloidosis with a noncardiac biopsy (1) (n ¼ 314) or a
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cardiac biopsy containing AL amyloid (n ¼ 18). Car-
diac ATTR amyloidosis was defined as either the
combination of typical features on CMR, grade 2 or 3
cardiac uptake on diphosphono-1,2-propanodicarboxylic
acid-scintigraphy in the absence of monoclonal
gammopathy (n ¼ 295) (2) or, in the presence of
monoclonal gammopathy, a cardiac biopsy contain-
ing ATTR amyloid (n ¼ 44) (29).

The echocardiographic and CMR protocols are re-
ported in the Supplemental Appendix.

STATISTICAL ANALYSIS. Baseline characteristics are
expressed as mean � SD when normally distributed
and median (interquartile range) when nonnormally
distributed. Variables with normal distribution and
equal variances were compared with Student’s t-test,
and variables with unequal variances were compared
with Welch’s t test.
Diagnostic accuracy. The diagnostic endpoint was
defined as the presence of CA, defined earlier (1). The
overall study population was divided into the 2
groups of interest: patients with systemic AL
(n ¼ 494) and patients with increased LV wall thick-
ness (n ¼ 978). Frequencies of disease were calculated
in both samples. Calibration was assessed by exam-
ining the mean Brier score with its associated
Spiegelhalter test and by performing the Hosmer-
Lemeshow goodness-of-fit test. In addition, a Loess
smoothed calibration curve was drawn by plotting the
observed risk of CA against the predicted risk across
tenths of the predicted risk, and the slope of the
calibration line was determined. Discrimination was
evaluated by drawing the receiver operating curve
and determining the area under the curve (AUC or C-
statistic).
Model creation. Variables potentially predictive for the
diagnosis from the univariable analyses showing
statistical significance at the 10% level were selected
for multivariable logistic regression analysis, avoid-
ing combinations of variables that would lead to
collinearity. Among the variables independently
associated with the diagnosis, we selected those most
clinically relevant and tested their accuracy to di-
agnose CA by calculating the AUC values. The optimal
cutoff value was defined as the point with the highest
sum of sensitivity and specificity. Then, each variable
was dichotomized according to the optimal cutoff
value, and 2 models were built with a multivariable
logistic regression approach. Each variable in the 2
models was weighted by its coefficient from the
multivariate logistic regression analysis. The 2
models were 1) the AL score for the systemic AL
subpopulation; and 2) increased wall thickness (IWT)
score for the IWT subpopulation. The selected vari-
ables were relative wall thickness (RWT), tricuspid
annular plane systolic excursion (TAPSE), E-wave/
e0-wave (E/e0), and longitudinal strain (LS) for AL
score and RWT, TAPSE, E/e0, LS, and septal longitu-
dinal systolic apex-to-base ratio (SAB) for IWT score.
For each subpopulation, we performed a second lo-
gistic regression analysis using the dichotomized
explanatory variables, and then the coefficient of
each of these variables was divided by the smallest
coefficient in the model and allocated a weight based
on rounding this to the nearest integer. The overall
risk score for a subpopulation was obtained by sum-
ming the weights thereby obtained from all co-
efficients. Bar charts were drawn to show the stepwise
increase in risk of CA for increasing values of the score.

Cut-offs for all points of the scores were created.
For each cutoff, the following parameters were
calculated after a logistic regression analysis, with a
binary explanatory variable defined by the relevant
cutoff and the diagnostic endpoint as the outcome:
sensitivity, specificity, true and false positives, and
true and false negatives.
Model validation. Bootstrap validation was used to
determine the performance of each of the 2 prediction
models on a hypothetical set of new patients. For
each model, 200 bootstrap datasets were created by
sampling “with replacement” from the original data-
set. The model evaluated in 1 bootstrap sample pro-
vided the bootstrap AUC and when that model was
evaluated in the original dataset, it provided the test
AUC. The difference between the 2 gave an estimate
of the optimism in the fit for that bootstrap sample.
The mean of these differences over all 200 bootstrap
samples provided a stable estimate of the optimism.
Finally, the optimism-adjusted AUC, estimating the
internally validated AUC, was determined by sub-
tracting the optimism from the apparent AUC, where
the apparent AUC was the AUC evaluated by using the
model derived from the original dataset. The distri-
bution of the values of optimism from the 200 boot-
strap samples was visually represented in a box plot.
The scoring system used for each of the 2 models was
validated by creating a bar chart showing the pro-
portion of patients with CA for each overall score. A
useful scoring system is characterized by a stepwise
increase in the proportion of patients with CA with
increasing values.
Probability of cardiac structural and functional variables
being abnormal across the spectrum of extracellular
volume. Univariable logistic regression analysis was
performed to evaluate the probability of each of the
selected cardiac structural and functional variables
being abnormal across the range of extracellular vol-
ume (ECV). Cut-offs for defining abnormalities in
these variables were chosen according to published
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TABLE 1 Baseline Characteristics of the Overall Population Divided Into 2 Clinically Relevant Subgroups

Systemic AL IWT

CA (n ¼ 322) No CA (n ¼ 172) p Value CA (n ¼ 647) No CA (n ¼ 331) p Value

Age, yrs 66 � 10 68 � 11 0.01 72 � 11 71 � 12 0.18

Sex, % M: 62
F: 38

M: 57
F: 43

0.30 M: 75
F: 25

M: 65
F: 35

0.0007

BSA, m2 1.9 � 0.2 1.9 � 0.2 0.082 1.9 � 0.2 1.9 � 0.3 0.053

sBP, mm Hg 112 � 22 133 � 24 <0.001 120 � 24 137 � 24 <0.001

dBP, mm Hg 70 � 13 77 � 12 <0.001 72 � 13 77 � 12 <0.001

NT-proBNP, ng/ml 5,772 � 6,803 1,386 � 4,108 <0.001 5,252 � 6,694 2,715 � 5,179 <0.001

eGFR, ml/min/1.73 m2 72 � 24 69 � 27 0.368 67 � 22 64 � 26 0.096

IVSd, mm 14.8 � 2.6 11.4 � 2 <0.001 16.4 � 2.7 14 � 2.1 <0.001

PWTd, mm 14.5 � 2.6 11.2 � 2 <0.001 15.9 � 2.7 12.7 � 2.3 <0.001

LVEDD, mm 43 � 6 47 � 7 <0.001 44 � 7 48 � 8 <0.001

RWT 0.69 � 0.17 0.48 � 0.11 <0.001 0.75 � 0.26 0.55 � 0.14 <0.001

LVEDV, ml 68 � 26 69 � 24 0.65 75 � 28 89 � 45 <0.001

LVESV, ml 34 � 20 28 � 13 0.025 39 � 21 44 � 34 0.014

LVMi, g/m2 150 � 45 111 � 30 <0.001 182 � 51 137 � 42 <0.001

MCF 0.15 � 0.07 0.23 � 0.09 <0.001 0.13 � 0.06 0.2 � 0.09 <0.001

LAA, cm2 23 � 6 19 � 6 <0.001 26 � 6 25 � 8 0.059

LVEF, % 55 � 12 63 � 10 <0.001 51 � 13 55 � 13 <0.001

MAPSE, mm 10 � 3 14 � 3 <0.001 9 � 3 12 � 4 <0.001

TAPSE, mm 17 � 5 22 � 5 <0.001 17 � 5 20 � 5 <0.001

SV, ml 35 � 16 41 � 15 0.007 36 � 15 46 � 19 <0.001

E/a 1.8 � 1 1.1 � 2.3 <0.001 2.1 � 1.2 1.2 � 2.2 <0.001

DT, ms 190 � 60 238 � 71 <0.001 186 � 66 194 � 106 0.21

E/e0 16 � 8 9 � 4 <0.001 16 � 8 12 � 7 <0.001

LS, % 13 � 5 19 � 4 <0.001 11 � 4 15 � 5 <0.001

SAB 5.1 � 7.1 2.3 � 1.3 <0.001 6.1 � 7 2.9 � 1.9 <0.001

RALS 0.84 � 0.25 1.18 � 0.49 <0.001 1.26 � 0.55 0.81 � 0.35 <0.001

EFSR 4.7 � 1.6 3.5 � 1 <0.001 4.9 � 1.7 4.1 � 1.4 <0.001

Values are mean � SD. Increased wall thickness indicates IVSd or PWTd $12 mm.

AL amyloidosis ¼ light chain amyloidosis; BSA ¼ body surface area; CA ¼ cardiac amyloidosis; dBP ¼ diastolic blood pressure; DT ¼ deceleration time; E/a ¼ E wave/A wave
ratio; E/e0 ¼ E wave/e0 wave; EFSR ¼ ejection fraction/longitudinal strain ratio; eGFR ¼ estimated glomerular filtration rate; IVSd ¼ interventricular septum in diastole;
LAA ¼ left atrium area; LS ¼ longitudinal strain; LVEDD ¼ left ventricular end diastolic volume; LVEDV ¼ left ventricular end diastolic volume; LVEF ¼ left ventricular ejection
fraction; LVESV ¼ left ventricular end systolic volume; LVMi ¼ left ventricular mass index; MAPSE ¼ mitral annular plane systolic excursion; MCF ¼ myocardial contraction
fraction; NT-proBNP ¼ N-terminal pro-B–type natriuretic peptide; PWTd ¼ posterior wall thickness in diastole; RALS ¼ relative apical longitudinal sparing; RWT ¼ relative wall
thickness; SAB ¼ systolic apex to base ratio; sBP ¼ systolic blood pressure; SV ¼ stroke volume; TAPSE ¼ tricuspid annular plane systolic excursion.
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reference guidelines: IVSd, PWTd $12 mm (30), RWT
>0.42, myocardial contraction fraction (MCF) #0.234,
diastolic dysfunction (E/A) >2, E/e0 >8, left atrium
area (LAA) >20 cm2, left ventricular ejection
fraction (LVEF) <55%, mitral annular plane systolic
excursion (MAPSE) <11 mm, TAPSE <16 mm, LS >–20%,
SAB >2.1, relative apical longitudinal sparing (RALS) >1,
and ejection fraction/LS ratio (EFSR) >4.1 (9,18,22).

Two-sided tests were used for all analyses, and
p < 0.05 was considered significant unless otherwise
specified. The data were analyzed with Stata statis-
tical software, release 14 (StataCorp, College Station,
Texas).

RESULTS

The study population comprised 1,187 patients, cate-
gorized for the analysis into those with systemic AL
amyloidosis (n ¼ 494, with or without cardiac
involvement) and those with increased LV wall
thickness (n ¼ 978, with or without CA, regardless of
amyloid type). The overall prevalence of CA was 57%.
Overall, 332 patients had AL CA, and 339 patients had
ATTR CA, of whom 200 had wild-type ATTR CA and
139 had variant ATTR CA. Among the remaining
patients, 172 had systemic AL amyloidosis without
cardiac involvement, 57 had hypertrophic cardiomy-
opathy, 64 had other types of amyloidosis or related
disorders without cardiac involvement (Amyloid A:
n ¼ 6; localized AL: n ¼ 36; light chain deposition
disease: n ¼ 20; LECT2 protein: n ¼ 2), 30 had severe
aortic stenosis, 183 had hypertensive remodeling, 97
had other types of heart disease (sarcoid heart: n ¼ 6;
myopericarditis: n ¼ 25; dilated cardiomyopathy:
n ¼ 24; Fabry’s disease: n ¼ 3, heart failure with
preserved ejection fraction: n ¼ 5; ischemic heart



TABLE 2 Diagnostic Accuracy of Echocardiographic Variables for the Detection of CA in Patients With Systemic AL Amyloidosis and in Patients With

Increased Wall Thickness

AUC Cut-Off Sensitivity, % Specificity, % þLikelihood Ratio �Likelihood Ratio

Systemic AL amyloidosis

NT-proBNP, ng/ml 0.85 (0.75–0.81) >1,302 75 (69–80) 81 (74–87) 3.99 (2.9–5.5) 0.31 (0.2–0.4)

IVSd, mm 0.85 (0.82–0.88) >13 72 (67–77) 87 (81–91) 5.36 (3.6–7.9) 0.33 (0.3–0.4)

PWTd, mm 0.85 (0.82–0.88) >13 76 (71–80) 84 (78–89) 4.82 (3.4–6.8) 0.29 (0.2–0.4)

LVEDD, mm 0.68 (0.64–0.72) #42 50 (44–55) 80 (73–85) 2.44 (1.8–3.3) 0.63 (0.6–0.7)

RWT 0.86 (0.84–0.90) >0.52 85 (80–88) 75 (68–81) 3.39 (2.6–4.4) 0.20 (0.2–0.3)

LVEDV, ml 0.51 (0.47–0.58) #65 53 (47–60) 56 (45–67) 1.21 (0.9–1.6) 0.83 (0.7–1.0)

LVESV, ml 0.58 (0.52–0.63) >36 36 (30–43) 82 (72–90) 2.04 (1.3–3.3) 0.77 (0.7–0.9)

LVMi, g/m2 0.75 (0.70–0.78) >125 57 (51–62) 82 (75–88) 3.11 (2.2–4.4) 0.53 (0.5–0.6)

MCF 0.75 (0.70–0.80) #0.15 62 (56–68) 78 (68–87) 2.86 (1.9–4.4) 0.48 (0.4–0.6)

LAA, cm2 0.69 (0.64–0.73) >19 73 (68–78) 58 (49–67) 1.74 (1.4–2.2) 0.46 (0.4–0.6)

LVEF, % 0.70 (0.66–0.74) #60 67 (60–74) 67 (60–74) 2.06 (1.6–2.6) 0.49 (0.4–0.6)

MAPSE, mm 0.81 (0.77–0.85) #11 65 (60–70) 84 (78–89) 4.14 (2.9–5.9) 0.41 (0.4–0.5)

TAPSE, mm 0.74 (0.70–0.78) #19 67 (61–72) 76 (69–82) 2.78 (2.1–3.7) 0.44 (0.4–0.5)

SV, ml 0.61 (0.55–0.66) #39 68 (62–74) 54 (42–65) 1.46 (1.1–1.9) 0.60 (0.5–0.8)

E/A 0.75 (0.71–0.79) >1.2 60 (55–66) 84 (78–90) 3.85 (2.7–5.6) 0.47 (0.4–0.5)

DT, ms 0.72 (0.67–0.76) #225 78 (73–82) 58 (50–66) 1.86 (1.5–2.3) 0.38 (0.3–0.5)

E/e0 0.81 (0.78–0.85) >10 70 (64–75) 81 (74–86) 3.60 (2.6–4.9) 0.38 (0.3–0.5)

LS, % 0.82 (0.78–0.85) $–14 63 (57–68) 87 (81–91) 4.68 (3.2–6.9) 0.43 (0.4–0.5)

SAB 0.73 (0.69–0.77) >3.1 51 (45–56) 88 (82–92) 4.13 (2.7–6.3) 0.56 (0.5–0.6)

RALS 0.75 (0.71–0.79) >1 58 (53–64) 83 (77–88) 3.47 (2.5–4.9) 0.50 (0.4–0.6)

EFSR 0.78 (0.74–0.82) >3.8 71 (66–76) 73 (66–80) 2.76 (2.1–3.4) 0.39 (0.3–0.5)

AL score 0.90 (0.87–0.92) $3 83 (79–87) 85 (78–90) 5.45 (3.8–7.8) 0.20 (0.2–0.3)

Increased wall thickness

NT-proBNP, ng/ml 0.74 (0.70–0.77) >1,452 76 (72–80) 62 (55–68) 1.98 (1.7–2.3) 0.39 (0.3–0.5)

IVSd, mm 0.77 (0.74–0.80) >15 64 (60–68) 79 (74–83) 3.08 (2.5–3.8) 0.45 (0.4–0.5)

PWTd, mm 0.83 (0.81–0.85) >13 82 (79–85) 73 (68–78) 3.02 (2.5–3.6) 0.25 (0.2–0.3)

LVEDD, mm 0.64 (0.61–0.67) #46 65 (61–69) 57 (52–63) 1.52 (1.3–1.7) 0.61 (0.5–0.7)

RWT 0.83 (0.80–0.85) >0.6 79 (76–82) 72 (67–77) 2.84 (2.4–3.4) 0.29 (0.2–0.3)

LVEDV, ml 0.59 (0.55–0.63) #79 65 (61–69) 52 (46–59) 1.37 (1.2–1.6) 0.67 (0.6–0.8)

LVESV, ml 0.50 (0.47–0.54) >52 17 (14–21) 73 (68–79) 0.64 (0.5–0.9) 1.13 (1.0–1.2)

LVMi, g/m2 0.68 (0.64–0.71) >141 64 (61–68) 65 (59–70) 1.84 (1.6–2.2) 0.55 (0.5–0.6)

MCF 0.74 (0.70–0.76) #0.13 62 (58–67) 75 (69–80) 2.45 (2.0–3.1) 0.51 (0.4–0.6)

LAA, cm2 0.56 (0.52–0.59) >23 68 (64–72) 45 (39–51) 1.24 (1.1–1.4) 0.71 (0.6–0.8)

LVEF, % 0.60 (0.57–0.63) #57 67 (63–71) 51 (46–57) 1.38 (1.2–1.6) 0.64 (0.5–0.7)

MAPSE, mm 0.70 (0.67–0.73) #11 72 (69–76) 60 (55–65) 1.82 (1.6–2.1) 0.46 (0.4–0.5)

TAPSE, mm 0.70 (0.67–0.73) #19 67 (64–71) 64 (58–69) 1.86 (1.6–2.2) 0.51 (0.4–0.6)

SV, ml 0.66 (0.62–0.69) #42 70 (66–74) 55 (49–62) 1.57 (1.3–1.8) 0.54 (0.5–0.6)

E/A 0.80 (0.77–0.83) >1.1 74 (70–78) 75 (70–81) 3.01 (2.4–3.7) 0.35 (0.3–0.4)

DT, ms 0.57 (0.53–0.60) #210 70 (66–73) 48 (42–54) 1.34 (1.2–1.5) 0.63 (0.5–0.7)

E/e0 0.69 (0.66–0.72) >11 70 (66–74) 61 (56–67) 1.81 (1.6–2.1) 0.49 (0.4–0.6)

LS,% 0.69 (0.66–0.72) $–13 67 (63–71) 63 (57–68) 1.79 (1.5–2.1) 0.53 (0.5–0.6)

SAB 0.77 (0.74–0.80) >2.9 67 (63–71) 77 (72–81) 2.89 (2.4–3.5) 0.43 (0.4–0.5)

RALS 0.77 (0.75–0.80) >0.9 71 (67–74) 73 (68–78) 2.67 (2.2–3.2) 0.40 (0.3–0.5)

EFSR 0.67 (0.64–0.70) >4.3 62 (58–66) 65 (60–70) 1.77 (1.5–2.1) 0.59 (0.5–0.7)

IWT score 0.87 (0.85–0.90) $6 78 (75–81) 79 (74–84) 3.75 (3.0–4.7) 0.28 (0.2–0.3)

Values are mean (95% CI) or cutoff value. Increased wall thickness indicates IVSd or PWTd $12 mm.

AUC ¼ area under the curve; CI ¼ confidence interval. Other abbreviations as in Table 1.
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disease: n ¼ 28; pulmonary hypertension: n ¼ 2;
arrhythmogenic right ventricular cardiomyopathy:
n ¼ 4), and 27 had normal cardiac structure. Among
patients with systemic AL amyloidosis, 114 had
concomitant nonamyloid heart disease. Baseline
characteristics are shown in Table 1.
DIAGNOSTIC ACCURACY. The main echocardio-
graphic findings are summarized in Table 1. In both
groups of patients with systemic AL amyloidosis and
IWT, the presence of CA was characterized by a
greater IWT and LV mass; greater extent of concentric
remodeling; higher degree of diastolic dysfunction;



TABLE 3 Variable Cut-Offs and Details About Calculation of the

AL and IWT Scores

Cut-Off Points

AL score

RWT >0.52 2

E/e0 >10 2

TAPSE, mm #19 1

LS, % $�14 1

IWT score

RWT >0.6 3

E/e’ >11 1

TAPSE, mm #19 2

LS, % $�13 1

SAB >2.9 3

Abbreviations as in Table 1.
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lower MCF; and more severe reduction in LVEF,
MAPSE, and TAPSE.

In patients with systemic AL amyloidosis, the var-
iables associated with the best diagnostic accuracy
were those related to concentric hypertrophy and
geometry (PWTd, IVSd, and RWT), LS, and NT-
proBNP. In patients with increased wall thickness,
the variables associated with the best diagnostic ac-
curacy were those reflecting concentric hypertrophy
(PWTd, IVSd, and RWT) but also E/A and strain pa-
rameters assessing the presence of relative apical
sparing (RALS, and SAB) (Table 2).

MODEL PERFORMANCE. The model including RWT,
E/e0, LS, and TAPSE as explanatory variables showed
the best diagnostic accuracy in patients with systemic
AL amyloidosis (AL score). The apparent AUC was
0.909, and the optimism was 0.004; therefore, the
optimism-corrected AUC, estimating the internally
validated AUC, was 0.905. The model with RWT, E/e0,
LS, TAPSE, and SAB as explanatory variables showed
the best diagnostic accuracy in patients with IWT (IWT
score). The apparent AUC was 0.870, and the optimism
was 0.006; therefore, the optimism-corrected AUC,
estimating the internally validated AUC, was 0.864.
The AL and IWT models both showed good calibration
as assessed by the Hosmer-Lemeshow goodness-of-fit
test (p ¼ 0.64 and p ¼ 0.11, respectively). Their Loess
smoothed calibration curves were very close to the
diagonal and had a slope of 1.

DIAGNOSTIC SCORE. A score including RWT, E/e0,
LS, and TAPSE showed the best diagnostic accuracy
for detecting CA in patients with systemic AL
amyloidosis (AL score). A score including RWT, E/e0,
LS, TAPSE, and SAB showed the best diagnostic ac-
curacy for detecting CA in patients with increased
wall thickness (IWT score). To each variable were
attributed points when positive for the optimal
diagnostic cutoff. For the AL score, we weighted the
variables by attributing 2 points to E/e0 and RWT, and
1 point to LS and TAPSE, with a final score ranging
from 0 to 6 points. For the IWT score, we weighted
the variables by attributing 3 points to RWT and SAB,
2 points to TAPSE, and 1 point to E/e0 and LS, with a
final score ranging from 0 to 10 points. See Table 3 for
details about the cutoff values for each variable in the
AL and IWT scores.

For each score, the diagnostic performance of the
different score points was calculated (Table 4).

The AL and IWT scores could not be calculated in
3.4% and 5.6% of the respective subpopulations
because 1 of the variables was missing for inadequate
quality.

RELATIONSHIP BETWEEN TRADITIONAL/STRAIN-DERIVED

PARAMETERS AND ECV. Increasing myocardial amy-
loid burden, as described by increasing ECV values,
was associated with several alterations in different
echocardiographic variables, either traditional or
related to strain evaluation (Figure 1). This approach
allowed us to group selective alterations of different
echocardiography variables by the probability of
becoming abnormal at low or high disease burdens—
as assessed by ECV as a marker of cardiac infiltration/
burden—or to be gradually distributed across the
spectrum of myocardial disease. In detail, IVSd,
PWTd, RWT, MCF, E/e0, and LS had higher probabili-
ties of being abnormal at low cardiac amyloid burdens
(ECV of $40% and <51%). Conversely, TAPSE and
LVEF only became abnormal at high burdens of car-
diac infiltration (ECV $70%). Finally, the probability
of LAA, MAPSE, E/A, SAB, RALS and EFSR becoming
abnormal gradually increased across the spectrum of
ECV values (ECV of $51% and <70%).

Additionally, ECV values displayed a good corre-
lation with the points of both AL and IWT score
(Figure 2).

DISCUSSION

Here, we report the results of a large multicenter
study evaluating the diagnostic accuracy of a com-
bination of traditional (nondeformation) and strain-
derived echocardiographic variables in patients
with suspected CA. We derived 2 simple multi-
parametric scores to either diagnose or exclude CA in
2 important clinical scenarios, that is, among pa-
tients with proven systemic AL amyloidosis or in
patients with a hypertrophic cardiac phenotype.
Finally, we identified the functional and structural
changes across the spectrum of severity of amyloid
deposition.



TABLE 4 Diagnostic Accuracy of Different Cut-Offs of AL Score and IWT Score for the Diagnosis of CA and Diagnostic Accuracy of Current Diagnostic Criteria for CA

Sensitivity, % Specificity, % FP FN TP TN

Systemic AL amyloidosis, current diagnostic
criteria (septum) (n ¼ 504)

Septum >12 or NT-proBNP >322 94 (91–96) 47 (42–53) 93 (18.5) 16 (3.5) 314 (62.0) 81 (16.0)

Septum >12 84 (79–86) 67 (63–73) 57 (11.0) 53 (10.5) 279 (56.0) 115 (22.5)

Systemic AL amyloidosis, AL score (AUC: 0.9):
RWT, E/e0, TAPSE, and LS (n ¼ 487)

$0 100 (99–100) 0 (0–2) 170 (35) 0 (0) 317 (65) 0 (0)

$1 97 (94–98) 42 (34–50) 99 (20) 11 (2) 306 (63) 71 (15)

$2 93 (89–95) 56 (48–64) 75 (15) 23 (5) 294 (60) 95 (20)

$3 83.3 (79–87) 85 (78–90) 26 (5) 53 (11) 264 (54) 144 (30)

$4 71 (66–76) 91 (85–95) 16 (3) 92 (19) 225 (46) 154 (32)

$5 54 (48–59) 98 (95–100) 3 (0.6) 147 (30.0) 170 (35.0) 167 (34.4)

¼6 39 (34–45) 99 (96–100) 2 (0.4) 192 (39.0) 125 (26.0) 168 (34.6)

Increased wall thickness, IWT score (AUC: 0.87):
RWT, E/e’, TAPSE, LS, and SAB (n ¼ 923)

$0 100 (99–100) 0 (0–1) 307 (33) 0 (0) 616 (67) 0 (0)

$1 98 (97–99) 19 (15–24) 248 (27) 11 (1) 605 (66) 59 (6)

$2 96 (94–97) 35 (30–41) 199 (21) 27 (3) 589 (64) 108 (12)

$3 94 (92–6) 45 (39–51) 169 (18) 35 (4) 581 (63) 138 (15)

$4 89 (87–92) 61 (55–67) 119 (13) 66 (7) 550 (60) 188 (20)

$5 82 (79–85) 72 (67–77) 86 (9) 109 (12) 507 (55) 221 (24)

$6 78 (75–81) 79 (74–84) 64 (7) 135 (15) 481 (52) 243 (26)

$7 67 (63–71) 89 (85–92) 34 (4) 201 (22) 415 (45) 273 (29)

$8 46 (42–50) 98 (95–99) 7 (0.8) 333 (36.0) 283 (31.2) 300 (32.0)

$9 36 (33–40) 99 (97–100) 4 (0.4) 391 (42.7) 213 (23.1) 303 (33.8)

¼10 25 (22–29) 99 (98–100) 2 (0.2) 461 (50.0) 155 (16.8) 305 (33.0)

Values are mean (95% CI) or n (%). Increased wall thickness indicates IVSd or PWTd $12 mm.

CI ¼ confidence interval; FN ¼ false negative; FP ¼ false positive; TN ¼ true negative; TP ¼ true positive; other abbreviations as in Table 1.
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In patients with systemic AL amyloidosis, the var-
iables individually associated with the highest diag-
nostic accuracy were structural variables, in keeping
with concentric hypertrophy (PWTd, IVSd, and RWT),
reduction in the LS, and increased plasma NT-
proBNP. The good diagnostic accuracy of variables
indicating concentric hypertrophy in this population
is not surprising because increase in LV mass with
concentric remodeling in the presence of systemic AL
amyloidosis is likely driven by amyloid infiltration.
However, wall thickness alone or wall thickness plus
NT-proBNP, as recommended by the current diag-
nostic criteria (5), are sensitive but poorly specific
markers (Table 4). This casts some doubt on the cur-
rent use of these criteria because markers with high
sensitivity and low specificity should be used to rule
out CA rather than to confirm the diagnosis. LS and
NT-proBNP are also characterized by good diagnostic
accuracy, underscoring the importance of markers of
early disease in patients with systemic AL amyloid-
osis, where typically the amyloid burden remains
relatively small, even in advanced disease, as
corroborated by relatively lower ECV values in pa-
tients with AL than in those with ATTR (31).
In patients with a hypertrophic phenotype, the
variables associated with the best diagnostic accuracy
were structural variables reflecting concentric hy-
pertrophy (PWTd, IVSd, and RWT) but with signifi-
cantly higher cutoffs in terms of increase in LV wall
thickness, evidence of diastolic dysfunction (E/A,
E/e0), and strain variables assessing the relative apical
sparing (RALS and SAB). The high diagnostic accuracy
of E/A, which reflects the diastolic alterations that
are typically associated with CA, and variables able to
assess the relative apical sparing, a characteristic
phenomenon associated with amyloid infiltration,
is in keeping with the importance, in the group of
patients with myocardial hypertrophy, of more
specific markers that can be used to differentiate
amyloid infiltration from other causes of increased LV
mass.

The high sensitivity of some functional and struc-
tural metrics was also confirmed when these variables
were assessed against progressively increasing levels
of cardiac amyloid infiltration. Echocardiographic
structural and functional metrics were divided into
3 groups that became sequentially abnormal with
increasing cardiac amyloid burden, as assessed by



FIGURE 1 Abnormal Echocardiographic Parameters According to ECV Values
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ECV quantification. Variables associated with
concentric hypertrophy and LS, as well as MCF and
E/e0, showed a high probability of becoming abnormal
at low levels of cardiac infiltration, confirming their
role as early disease markers. Interestingly, strain
parameters reflecting the relative apical sparing (SAB,
RALS, and EFSR) fell in the intermediate group of
variables, with the probability of being abnormal ris-
ing progressively across the spectrum of increasing
amyloid burden. This stands in agreement with the
utility of these markers for the differential diagnosis
of myocardial hypertrophy, when the amyloid burden
is typically at least moderate, rather than detection of
cardiac involvement in patients with systemic AL
amyloidosis, where the whole spectrum can be typi-
cally seen, including very early stages of infiltration.
Finally, we confirmed that ejection fraction and
TAPSE tend to be preserved until higher burdens of
cardiac infiltration, reflecting the most advanced
disease stages.

Although these analyses confirm that the various
echocardiographic variables on their own are associ-
ated with a variable degree of diagnostic accuracy, a
combination of parameters reflecting structural and
functional changes has the potential to increase the
diagnostic accuracy of echocardiography in the 2
challenging clinical scenarios examined.

In patients with systemic AL amyloidosis, a score
(AL score) that included RWT, E/e0, LS, and TAPSE
showed very good diagnostic accuracy in identifying
patients with CA, with an AUC of 0.90. The usefulness
of this score would be to allow clinicians to diagnose
CA without performing a cardiac biopsy. However,
because confirming or excluding CA has a significant
impact on treatment strategies, we propose using
highly sensitive and highly specific cutoffs (AL
score <1 and $5) to exclude or confirm the diagnosis
of CA and restricting the use of a second-level imag-
ing modality such as CMR or endomyocardial biopsy
to patients with intermediate probability. With these
cutoffs, the diagnosis or the exclusion of CA in pa-
tients with systemic AL amyloidosis could be ob-
tained in 15% and 35%, respectively, without the need
for further investigations, carrying immediate impli-
cations for patient management. For example, in pa-
tients with cardiac involvement, bortezomib, 1 of the
most widely used chemotherapy agents, is given at a
reduced dose because the presence of cardiac



FIGURE 2 ECV and Scores
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involvement is associated with increased mortality
(32,33). The current widely accepted standard for
assessing cardiac involvement (32,33) lacks specificity
(ranging from 47% to 67% in our study). The algo-
rithm proposed in the present study is associated
with a significantly higher diagnostic accuracy and, if
adopted, would have immediate implications in
terms of treatment strategies. In patients with
myocardial hypertrophy, a score including RWT, E/e0,
TAPSE, LS, and SAB showed very good diagnostic
accuracy in identifying patients with CA (IWT score),
with an AUC of 0.87. For both the AL and IWT scores,
higher values were associated with higher amyloid
burden, as measured by ECV (Figure 2). Several
studies have shown recently that ATTR CA is frequent
in common cardiac diseases that exhibit IWT. For
example, 13.3% of elderly patients admitted with
heart failure with preserved ejection fraction, 16% of
patients with aortic stenosis treated with TAVR, and
5% of outpatients with IWT of $15 mm have been
reported to have CA (34,35). In patients with a hy-
pertrophic phenotype, we acknowledge that further
confirmatory testing will be required to definitively
confirm a diagnosis of cardiac amyloidosis; however,
we strongly believe that the application of a score-
based approach in patients with undifferentiated
left ventricular hypertrophy will prove to be a valu-
able tool for sonographers and clinicians, serving to
support earlier clinical suspicion of cardiac amyloid-
osis (even early disease), subsequent earlier diag-
nosis, and recognition of cardiac amyloidosis as an
important and underrecognized cause of restrictive
cardiomyopathy, both in hospital and prehospital
settings (Central Illustration). Because it is essential to
avoid misdiagnosis of CA because effective treat-
ments are now available, the primary aim of the
different cutoffs provided (including those that are
highly specific and highly sensitive) is to guide the
diagnostic algorithm and the use of second-level tests
in the most efficient way. When the score points
denote a very high likelihood of CA, searching for a
clonal dyscrasia and performing a diphosphonate
scintigraphy should be the next diagnostic steps to
confirm CA and help differentiate the AL from ATTR
subtypes (36). However, CMR or endomyocardial bi-
opsy should be considered if AL is in the differential,
that is, in a patient who has a hypertrophic phenotype
and a clonal gammopathy. By contrast, when the
probability of CA is very low, CMR should be consid-
ered as the next diagnostic test of choice, helping
clinicians to redefine diagnosis across the spectrum of
disorders that present with a hypertrophic phenotype.
STUDY LIMITATIONS. Because of the study design,
the population was composed of patients referred to
specialized amyloid centers for suspected CA.
Although this does not represent an unselected pop-
ulation, we believe that our algorithm will be appli-
cable to the general population when there is a
suspicion of CA. However, we do not propose that this
algorithm be applied immediately to the general
population as a screening tool for CA because further
studies are required to validate these findings in the
general unselected cardiology population. Moreover,
LS and its derived variables have been performed in a
4-chamber view. A 4-chamber longitudinal strain was
used instead of global longitudinal strain (GLS) to
minimize the number of patients who would have
been excluded from strain evaluation due to inade-
quate acoustic windows and/or acoustic drop-out in
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Thanks to a

combination of structural and functional variables, a

multiparametric echocardiographic approach allows clinicians to

reliably rule out or guide further diagnostic examinations in cases

of suspected cardiac amyloidosis.

TRANSLATIONAL OUTLOOK: The diagnostic performance of

echocardiographic scores should also be evaluated outside of

specialized centers. Furthermore, the possibility of tracking

disease progression and the response to treatment through

multiparametric echocardiographic scores deserves consideration

in future studies.

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 3 , N O . 4 , 2 0 2 0 Boldrini et al.
A P R I L 2 0 2 0 : 9 0 9 – 2 0 Multiparametric Echocardiography in Cardiac Amyloidosis

919
multiple LV segments. Acquisition of good-quality
imaging without segment drop-out is much more
challenging in 2- or 3-chamber apical views than in 4-
chamber views (36). Furthermore, it has been shown
that GLS in the 3 apical views and the 4-chamber
longitudinal strain are not significantly different and
have a very good correlation and minimal bias (36).
Finally, we acknowledge that strain analysis was
performed with 2 worldwide diffuse-vendor software
systems, which could introduce an intersoftware
variability bias. However, with the recent vendor-
specific software for strain analysis used in the pre-
sent paper, it was shown that mean LV GLS values
were not significantly different between the 2
analyzed vendors (GE, Boston, Massachusetts, and
Philips, Amsterdam, the Netherlands), showed good
correlation and minimal bias (37).

CONCLUSIONS

The diagnosis of CA has increased exponentially
during the past few years, undoubtedly also because
of a significant increase in disease awareness. Current
echocardiographic diagnostic criteria, developed and
validated only for AL amyloidosis, have reasonable
sensitivity but a relatively low specificity. No sys-
tematic approach has hitherto been available for pa-
tients with a hypertrophic phenotype to stratify the
probability of CA. Here, we provide a multiparametric
echocardiographic approach for the 2 challenging
clinical scenarios of patients with systemic AL
amyloidosis or a hypertrophic phenotype. By using
highly sensitive and highly specific cutoffs in patients
with systemic AL amyloidosis, amyloidosis can be
excluded or confirmed in 50% of patients without the
need for further tests. In patients with a hypertrophic
phenotype, highly specific or highly sensitive cutoffs
can be used to guide the diagnostic algorithm, avoid
unnecessary tests, and limit the time to diagnosis.

ADDRESS FOR CORRESPONDENCE: Dr. Marianna
Fontana, Cardiac MRI Unit, National Amyloidosis
Centre, University College London, Royal Free
Campus, Rowland Hill Street, London NW3 2PF,
United Kingdom. E-mail: m.fontana@ucl.ac.uk.
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