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Qual a robustez da medida de FE nos trabalhos que embasaram estes guidelines??
Será que a FE é a melhor medida de função do VE em todos os casos?



A FUNÇÃO SISTÓLICA DESSES PACIENTES É NORMAL?

O STRAIN GLOBAL DEVE SER SEMPRE ADICIONADO A FE NA 
AVALIAÇÃO DA FUNÇÃO SISTÓLICA DO VE?? 

1 2

GLS = -12.7% GLS = -16.9%

Amiloidose IAo Grave

FE = 67% FE = 65%



O QUE DETERMINA A FRAÇÃO DE EJEÇÃO

LIMITAÇÕES DA FRAÇÃO DE EJEÇÃO

FE
VOLUME SISTÓLICO (VDF - VSF)

VDF

PRÉ-CARGA PÓS-CARGACONTRATILIDADE+
Retorno Venoso
Doença Valvar
Complacência Ventricular
Complacência Pericárdica
Sístole Atrial

Obstruções fixas (valvar / 
subvalvar)
Pressão arterial 
Tensão de Parede (pressão x raio)
Espessura da parede ventricular

VDF



• Fração de ejeção normal e ↓ DC

Vol. Sist = 41ml / DC = 3.08 l/min

FE = 67%

GLS = -12.7%

LIMITAÇÕES DA FRAÇÃO DE EJEÇÃO



VARIABILIDADE DA FRAÇÃO DE EJEÇÃO - DADO OBJETIVO CONFIÁVEL?

Variabilidade ECO 2D

✴ Otterstad e col (Core Lab) = 11-15%1

✴ Chuang e col = 17.8%2

1- Otterstad JE - Eur Heart Journal 1997

2- Chuang  ML - JACC 2000

🚨 Encurtamento do VE

🚨 2 planos apicais apenas (alterações 
segmentares fora dos planos)

🚨 Experiência do Examinador

🚨 Assunções geométricas

FRAÇÃO DE EJEÇÃO - LIMITAÇÕES TÉCNICAS: ACURÁCIA DA MEDIDA
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Posicionamento
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Posicionamento do Departamento de Imagem Cardiovascular da Sociedade Brasileira de Cardiologia sobre o Uso do Strain Miocárdico na Rotina do Cardiologista – 2023

esse conceito é representado como o percentual (%) de 
encurtamento/alongamento do coração em relação à sua 
medida inicial. Esse conceito pode ser aplicado para um 
segmento miocárdico (strain regional) ou para a totalidade 
de uma das câmaras do coração como o ventrículo 
esquerdo (VE) (strain global).

O strain rate indica a taxa de deformação miocárdica (%) 
a cada segundo(s-1) ou, em outras palavras, a velocidade 
com que a deformação ocorre.3-4

1.2.2. Deformação Longitudinal, Circunferencial e Radial

A aplicação do conceito de deformação nos permite 
pormenorizar o estudo do encurtamento/alongamento do 
miocárdio do VE a partir de sua orientação em diferentes eixos.

De fato, devido à disposição helicoidal das fibras 
musculares cardíacas, o encurtamento sistólico do VE é 
determinado pela ação de fibras no sentido longitudinal 
e de fibras no sentindo circunferencial,5 o que determina 
os dois vetores-força ativos da deformação (Figura 1.1 A).

A aplicação dessas forças no sentido longitudinal e 
circunferencial sobre um material de baixa compressibilidade 
(tecido miocárdico) resulta em um espessamento do 
miocárdio no sentindo radial (componente passivo da 
deformação).6 Em última análise, este responde pela 
diminuição radial da cavidade ventricular.4

É preciso ter em conta que o processo de deformação é 
bem mais complexo do que podemos aferir, pois, para cada 
processo de interação entre os vetores-força, surge um 
novo vetor resultante do cisalhamento entre as diferentes 
deformações, o shear-strain (Figura 1.1 B, C e D).

O encurtamento sistólico da fibra no sentido longitudinal 
e circunferencial produz valores negativos de strain. Já o 
espessamento sistólico radial atribui um valor positivo 
ao strain. Muitos autores optam por expressar apenas 
o valor absoluto (valor em módulo), e adotaremos essa 
abordagem aqui.

1.2.3. Tempo dos Eventos Mecânicos

Descrevemos, a seguir, algumas definições fundamentais 
para a prática clínica:1,7

• Final da sístole (end-systole): definido como o ponto 
temporal de fechamento da valva aórtica. Potenciais 
substitutos: nadir do strain global ou da curva de 
volume. É recomendado que os softwares informem 
qual critério foi adotado para definir o final da sístole.

• Final da diástole (end-diastole): definido como o 
ponto temporal no qual ocorre o pico do complexo 
QRS. A marcação de eventos (event timing) deve ser 
feita preferencialmente utilizando o Doppler e tendo 
como referência o eletrocardiograma (ECG).

1.2.4. Medidas de Pico Extraídas das Curvas de 

Deformação (Figura 1.2)

• Strain do final da sístole (end-systolic strain): o 
ponto da curva de deformação no final da sístole, 

conforme previamente definido (fechamento da valva 
aórtica). Esse é o parâmetro padrão para descrever a 
deformação miocárdica.

• Strain de pico sistólico (peak systolic strain): o ponto 
onde ocorre o pico da curva durante toda a sístole.

• Strain de pico sistólico positivo (positive peak systolic 
strain): valor mais positivo registrado em casos em que 
a curva de um determinado segmento apresente esse 
comportamento em algum momento da sístole. 

• Strain de pico (peak strain): o ponto onde ocorre 
o pico da curva de deformação, considerando 
todo o ciclo cardíaco. Habitualmente, esse ponto é 
alcançado até o fechamento da valva aórtica. Quando 
ocorre após, é descrito como strain pós-sistólico (post 
systolic strain)8 ou encurtamento pós-sistólico (EPS, 
post-systolic shortening). O strain pós-sistólico reflete 
a deformação de segmentos que se contraem após o 
fechamento da valva aórtica e não contribuem para a 
ejeção ventricular.

1.3. Fatores que Afetam a Estimativa do Strain

1.3.1 Qualidade da Imagem

A qualidade da imagem é um fator crítico que afeta a 
performance de qualquer software que estime a deformação 
miocárdica. Vários autores reportaram a sensibilidade da 
estimativa do strain e strain rate proporcionais à qualidade 
da imagem e do algoritmo de tracking.9-11

Figura 1.1 – A deformação miocárdica pormenorizada em diferentes 
eixos. A) A deformação básica pode ser aferida nos sentidos longitudinal, 
circunferencial e radial.4 A partir da interação de dois desses vetores-força, 
há o surgimento de um terceiro vetor resultante. B) Shear-strain radial-
circunferencial. C) Shear-strain longitudinal-circunferencial (que equivale a 
torção ventricular/torsion). D) Shear-strain radial-circunferencial.

LongitudinalLongitudinal

CircunferencialCircunferencial

RadialRadial
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Heart failure and cardiomyopathies

Figure 3 Interobserver, intraobserver and interobserver test–retest 
variability for LVEF and strain measurements with echocardiography and 
CMR represented as COV and 95% CI. 2D, two- dimensional; 3D, three- 
dimensional; CMR, cardiovascular magnetic resonance; EF, ejection 
fraction; GCS, global circumferential strain; GLS, global longitudinal 
strain; LVEF, left ventricular ejection fraction.

echocardiographic 2D- GLS had the lowest variability with no 
overlap in the 95% CI with CMR strain methods or echocardio-
graphic 2D- GCS. Comparing across methods, the interobserver/
intraobserver variability of CMR- LVEF and echocardiographic 
GLS were almost identical and lower than that of 3D- LVEF; 
however, interobserver test–retest variability was the lowest for 
CMR- LVEF.

DISCUSSION
In this prospective cohort study of women with HER2+ breast 
cancer treated with anthracyclines followed by trastuzumab, 
the mean temporal changes in all studied echocardiographic 
and CMR LVEF and strain parameters were larger in those 
who developed CTRCD compared with those who did not. In 
comparison, the mean temporal variability in healthy volunteers 
was lower than the changes in those with CTRCD. At the indi-
vidual participant level, the methods with the least overlap in 
temporal changes between those with and without CTRCD, and 
healthy volunteers were echocardiographic 3D- LVEF, 2D- GLS 
and CMR LVEF. Only with 3D- LVEF, 2D- GLS and CMR- LVEF 
were the MDD determined from healthy volunteers lower than 
the mean temporal changes in patients with CTRCD. Among 
the methods studied, CMR- LVEF and echocardiographic 
2D- GLS had the lowest interobserver and intraobserver vari-
ability followed by 3D- LVEF. Overall, the best balance of feasi-
bility, temporal and observer variability and minimal overlap in 
individual patient temporal variability between those with and 
without CTRCD was seen for echocardiographic 2D- GLS and 
CMR- LVEF.

Temporal changes
Our data demonstrate that both echocardiography and CMR 
can provide robust measures of sequential myocardial function 
in most participants. At the individual patient level, echocardio-
graphic 3D- LVEF, 2D- GLS and CMR- LVEF had the best sepa-
ration in temporal variability between those with and without 
CTRCD. However, given that CMR was used to define CTRCD, 
the lower overlap is expected. Regardless, our data suggest that 
these three methods may have better sensitivity to differentiate 
patients with and without CTRCD in sequential follow- up. 

Further supporting this finding, the MDD for temporal changes 
based on healthy volunteers was lower than the mean temporal 
changes in patients with CTRCD only for echocardiographic 
3D- LVEF, 2D- GLS and CMR- LVEF. The MDD represents 
changes over time that can be attributed to variability from 
acquisition, postprocessing and biological differences in indi-
vidual participants. The fact that the temporal changes in 
patients without CTRCD overlapped with the variability in 
healthy volunteers demonstrates that our calculated MDD are in 
fact relevant to patients receiving cancer therapy.

Prior studies have reported interstudy variability for echo-
cardiography and CMR functional parameters based on single 
repeated measurements performed within 1 week or 1 year later 
(summarised in online supplementary table 4). However, no 
prior studies have compared all parameters in the same healthy 
volunteer cohort. The temporal variability with CMR- LVEF, 
CMR- GCS and echocardiography 2D- GCS in our study was 
similar to that reported previously,9–13 while for echocardio-
graphic 2D- LVEF and 2D- GLS, it was lower.10 14–16 Temporal 
variability in healthy volunteers has not been reported previ-
ously for echocardiographic 3D- LVEFand CMR tagging- based 
GLS. In our study, the temporal variability/changes with echo-
cardiographic 2D- GCS and CMR- GCS was similar; however, 
the variability for echocardiographic 2D- GLS was significantly 
lower than CMR- GLS. This is likely driven by the better intraob-
server variability of echocardiographic 2D- GLS compared with 
CMR- GLS (COV 1.8% vs 6.5%). Other potential reasons could 
include the use of three apical long- axis views for echocardio-
graphic 2D- GLS as opposed to two apical views for CMR- GLS. 
Finally, inherent differences in the robustness of postprocessing 
methods for echocardiographic and CMR tagging derived strain 
data may also contribute to the variability differences seen.

Observer variability
By examining multiple CMR and echocardiographic function 
measures in the same participants, we provide the ability to 
directly compare the observer variability of contemporary CMR 
and echocardiographic methods. Furthermore, our calculation 
of interobserver variability combines variability between readers 
as well as each reader’s inherent variability (ie, intraobserver 
variability) providing a more realistic measure of interobserver 
variability. Our data suggest that echocardiographic 2D- GLS and 
then 3D- LVEF are reasonable and equally good alternatives to 
CMR for sequential assessment of myocardial function. We also 
describe the interobserver test–retest variability for all measures, 
which is a clinically relevant measure in any serial patient 
follow- up. Given that this measure was generally larger than our 
temporal variability (ie, same person repeating measurements 
overtime), whenever possible, it is ideal to have the same reader 
postprocess images for the same patient over time.

A limited number of prior studies have reported intraob-
server and interobserver variability in healthy volunteers for 
the measures in our study (summarised in online supplementary 
table 4). The observer variability for CMR methods in our study 
was similar to prior studies.12 13 17 However, for echocardio-
graphic 3D- LVEF (only based on prior patient data), 2D- GLS 
and 2D- LVEF, our reported observer variability was lower than 
that previously reported.10 14 15 18–20 MDD for these measures 
have not been previously reported.

Clinical relevance
Although the definition of CTRCD varies, most definitions 
recommend a >10% change to a certain LVEF threshold.1 This 
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ABSTRACT
Objectives To compare variability of echocardiographic 
and cardiovascular magnetic resonance (CMR) measured 
left ventricular (LV) function parameters and their 
relationship to cancer therapeutics- related cardiac 
dysfunction (CTRCD).
Methods We prospectively recruited 60 participants 
(age: 49.8±11.6 years), 30 women with human 
epidermal growth factor receptor 2- positive breast 
cancer (15 with CTRCD and 15 without CTRCD) and 
30 healthy volunteers. Patients were treated with 
anthracyclines and trastuzumab. Participants underwent 
three serial CMR (1.5T) and echocardiography studies at 
~3- month intervals. Cine- CMR for LV ejection fraction 
(LVEF), myocardial tagging for global longitudinal strain 
(GLS) and global circumferential strain (GCS), two- 
dimensional (2D) echocardiography for strain and LVEF 
and three- dimensional (3D) echocardiography for LVEF 
measurements were obtained. Temporal, interobserver 
and intraobserver variability were calculated as the 
coefficient of variation and as the SE of the measurement 
(SEM). Minimal detected difference (MDD) was defined 
as 2xSEM.
Results Patients with CTRCD demonstrated larger 
mean temporal changes in all parameters compared 
with those without: 2D- LVEF: 4.6% versus 2.8%; 3D- 
LVEF: 5.2% vs 2.3%; CMR- LVEF: 6.6% versus 2.7%; 
2D- GLS: 1.9% versus 0.7%, 2D- GCS: 2.5% versus 
2.2%; CMR- GCS: 2.7% versus 1.6%; and CMR- GLS: 
2.1% versus 1.4%, with overlap in 95% CI for 2D- LVEF, 
2D- GCS, CMR- GLS and CMR- GCS. The respective mean 
temporal variability/MDD in healthy volunteers were 
3.3%/6.5%, 1.8%/3.7%, 2.2%/4.4%, 0.8%/1.5%, 
1.9%/3.7%, 1.8%/3.6% and 1.4%/2.8%. Although 
the mean temporal variability in healthy volunteers was 
lower than the mean temporal changes in CTRCD, at the 
individual level, 2D- GLS, 3D- LVEF and CMR- LVEF had 
the least overlap. 2D- GLS and CMR- LVEF had the lowest 
interobserver/intraobserver variabilities.
Conclusion Temporal changes in 3D- LVEF, 2D- GLS and 
CMR LVEF in patients with CTRCD had the least overlap 
with the variability in healthy volunteers; however, 
2D- GLS appears to be the most suitable for clinical 
application in individual patients.

INTRODUCTION
The assessment of left ventricular ejection fraction 
(LVEF) has been the primary metric to identify 

cancer therapeutics- related cardiac dysfunction 
(CTRCD) in patients receiving cancer therapy.1 
Myocardial strain identifies subclinical cardiomy-
opathy and is prognostic for subsequent CTRCD.2 
Both LVEF and strain can be measured by cardiovas-
cular magnetic resonance (CMR) or echocardiog-
raphy; however, the latter is applied more routinely 
in cardio- oncology. Regardless of the measure and 
modality, the optimal method to identify sequential 
changes in cardiac function in individual patients 
is contingent on the technique having temporal, 
intraobserver and interobserver variability and a 
minimal detectable difference (MDD) that is lower 
than the potential changes due to pathology. The 
variability of these measures has not been estab-
lished in healthy individuals, and prior studies 
have not compared CMR and echocardiography 
measures of LVEF and strain in the same individ-
uals at follow- up time points similar to that used in 
patients receiving cancer therapy.

The aims of this study were to: (1) determine the 
temporal changes of CMR and echocardiography 
measured LVEF and strain methods in patients with 
and without CTRCD and (2) to compare these 
changes to the expected temporal variability and 
MDD for these measures in healthy volunteers.

METHODS
Study population
From a cohort of prospectively followed women 
with early stage human epidermal growth factor 
receptor 2- positive (HER2+) breast cancer in the 
ongoing Evaluation of Myocardial Changes During 
Breast Adenocarcinoma Therapy to Detect Cardio-
toxicity Earlier With MRI (EMBRACE- MRI) study 
(NCT02306538), we included 15 women with 
CTRCD and 15 without CTRCD by their third 
follow- up CMR (~5–6 months after treatment 
initiation) matched for age (±5 years). All patients 
were receiving sequential treatment with anthracy-
clines and trastuzumab. CTRCD was defined as a 
>10% reduction in LVEF to <55% as measured by 
CMR in the absence of heart failure symptoms or 
as a >5% reduction to LVEF <55% in the presence 
of symptoms.3

In order to compare the temporal changes in 
functional measures in patients to the expected 
temporal variability of the echocardiographic and 
CMR parameters in the context of stable health, we 
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MINIMAL DETECTABLE DIFFERENCE 
(MDD)


Teste-reteste Interobservador:

FE 2D - 3.6% MDD: 9.9%

FE 3D - 2.3% MDD 6.4% 

ECO GLS - 1.0% MDD: 2.7%
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Figure 3 Interobserver, intraobserver and interobserver test–retest 
variability for LVEF and strain measurements with echocardiography and 
CMR represented as COV and 95% CI. 2D, two- dimensional; 3D, three- 
dimensional; CMR, cardiovascular magnetic resonance; EF, ejection 
fraction; GCS, global circumferential strain; GLS, global longitudinal 
strain; LVEF, left ventricular ejection fraction.

echocardiographic 2D- GLS had the lowest variability with no 
overlap in the 95% CI with CMR strain methods or echocardio-
graphic 2D- GCS. Comparing across methods, the interobserver/
intraobserver variability of CMR- LVEF and echocardiographic 
GLS were almost identical and lower than that of 3D- LVEF; 
however, interobserver test–retest variability was the lowest for 
CMR- LVEF.

DISCUSSION
In this prospective cohort study of women with HER2+ breast 
cancer treated with anthracyclines followed by trastuzumab, 
the mean temporal changes in all studied echocardiographic 
and CMR LVEF and strain parameters were larger in those 
who developed CTRCD compared with those who did not. In 
comparison, the mean temporal variability in healthy volunteers 
was lower than the changes in those with CTRCD. At the indi-
vidual participant level, the methods with the least overlap in 
temporal changes between those with and without CTRCD, and 
healthy volunteers were echocardiographic 3D- LVEF, 2D- GLS 
and CMR LVEF. Only with 3D- LVEF, 2D- GLS and CMR- LVEF 
were the MDD determined from healthy volunteers lower than 
the mean temporal changes in patients with CTRCD. Among 
the methods studied, CMR- LVEF and echocardiographic 
2D- GLS had the lowest interobserver and intraobserver vari-
ability followed by 3D- LVEF. Overall, the best balance of feasi-
bility, temporal and observer variability and minimal overlap in 
individual patient temporal variability between those with and 
without CTRCD was seen for echocardiographic 2D- GLS and 
CMR- LVEF.

Temporal changes
Our data demonstrate that both echocardiography and CMR 
can provide robust measures of sequential myocardial function 
in most participants. At the individual patient level, echocardio-
graphic 3D- LVEF, 2D- GLS and CMR- LVEF had the best sepa-
ration in temporal variability between those with and without 
CTRCD. However, given that CMR was used to define CTRCD, 
the lower overlap is expected. Regardless, our data suggest that 
these three methods may have better sensitivity to differentiate 
patients with and without CTRCD in sequential follow- up. 

Further supporting this finding, the MDD for temporal changes 
based on healthy volunteers was lower than the mean temporal 
changes in patients with CTRCD only for echocardiographic 
3D- LVEF, 2D- GLS and CMR- LVEF. The MDD represents 
changes over time that can be attributed to variability from 
acquisition, postprocessing and biological differences in indi-
vidual participants. The fact that the temporal changes in 
patients without CTRCD overlapped with the variability in 
healthy volunteers demonstrates that our calculated MDD are in 
fact relevant to patients receiving cancer therapy.

Prior studies have reported interstudy variability for echo-
cardiography and CMR functional parameters based on single 
repeated measurements performed within 1 week or 1 year later 
(summarised in online supplementary table 4). However, no 
prior studies have compared all parameters in the same healthy 
volunteer cohort. The temporal variability with CMR- LVEF, 
CMR- GCS and echocardiography 2D- GCS in our study was 
similar to that reported previously,9–13 while for echocardio-
graphic 2D- LVEF and 2D- GLS, it was lower.10 14–16 Temporal 
variability in healthy volunteers has not been reported previ-
ously for echocardiographic 3D- LVEFand CMR tagging- based 
GLS. In our study, the temporal variability/changes with echo-
cardiographic 2D- GCS and CMR- GCS was similar; however, 
the variability for echocardiographic 2D- GLS was significantly 
lower than CMR- GLS. This is likely driven by the better intraob-
server variability of echocardiographic 2D- GLS compared with 
CMR- GLS (COV 1.8% vs 6.5%). Other potential reasons could 
include the use of three apical long- axis views for echocardio-
graphic 2D- GLS as opposed to two apical views for CMR- GLS. 
Finally, inherent differences in the robustness of postprocessing 
methods for echocardiographic and CMR tagging derived strain 
data may also contribute to the variability differences seen.

Observer variability
By examining multiple CMR and echocardiographic function 
measures in the same participants, we provide the ability to 
directly compare the observer variability of contemporary CMR 
and echocardiographic methods. Furthermore, our calculation 
of interobserver variability combines variability between readers 
as well as each reader’s inherent variability (ie, intraobserver 
variability) providing a more realistic measure of interobserver 
variability. Our data suggest that echocardiographic 2D- GLS and 
then 3D- LVEF are reasonable and equally good alternatives to 
CMR for sequential assessment of myocardial function. We also 
describe the interobserver test–retest variability for all measures, 
which is a clinically relevant measure in any serial patient 
follow- up. Given that this measure was generally larger than our 
temporal variability (ie, same person repeating measurements 
overtime), whenever possible, it is ideal to have the same reader 
postprocess images for the same patient over time.

A limited number of prior studies have reported intraob-
server and interobserver variability in healthy volunteers for 
the measures in our study (summarised in online supplementary 
table 4). The observer variability for CMR methods in our study 
was similar to prior studies.12 13 17 However, for echocardio-
graphic 3D- LVEF (only based on prior patient data), 2D- GLS 
and 2D- LVEF, our reported observer variability was lower than 
that previously reported.10 14 15 18–20 MDD for these measures 
have not been previously reported.

Clinical relevance
Although the definition of CTRCD varies, most definitions 
recommend a >10% change to a certain LVEF threshold.1 This 
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GLS does not rely on geometric assumptions but
measures myocardial function with precision as we have
demonstrated previously [5, 10, 14, 17, 21]. Strain by
speckle tracking measure directly segmental myocardial
deformation of the LV in a 16-segment model. Average
deformation of LV is expressed as GLS. LVEF describes

LV systolic function indirectly on the basis of changes in
calculated LV volume during the systole. In addition,
GLS may be more sensitive than LVEF to changes in
long-axis shortening, which makes GLS useful in evalu-
ation of LV function where LVEF is preserved [27, 28].
After the region of interest (ROI) is set in strain

Fig. 3 Analysis of expert analysis of expert images versus trainee analysis of trainee images. Scatterplot for GLS (a) and LVEF (b). Bland-Altman
plot for GLS (c) and LVEF (D). Dotted line illustrates 95% confidence interval and colored dotted line illustrate fixed bias
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Table 3

Univariate analysis of predictors of cardiotoxicity

Variable Cardiotoxicity

No
(n = 34)

Yes
(n = 9)

p Value (Prediction of
Cardiotoxicity)

Odds Ratio 95% Confidence
Interval

Change in the LVEF at 3 months (%) 1.2 ± 9 5.6 ± 8 0.19 5.5 0.45–100

Change in longitudinal strain at 3 months (%) 3 ± 10 15 ± 8 0.01 500 6.7–110,000

Change in radial strain at 3 months (%) 2 ± 23 22 ± 22 0.02 250 4–40,000

Change in NT-proBNP at 3 months (%) 46 ± 240 56 ± 190 0.91 1 0.65–1.4

Elevation hsTnI at 3 months 6 (18%) 6 (67%) 0.006 9 1.8–50

A
m
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AVALIARAM CTRCD em 6 meses: 
Sintomáticos:  Queda da FEVE ≥5% para <55% 
Assintomáticos: Queda da FEVE ≥10% para <55% 

Sawaya H - Early Detection and Prediction of Cardiotoxicity in Chemotherapy-Treated Patients  - Am J Cardiol 2011
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Table 3 Cancer therapy-related cardiovascular toxicity definitions

CTRCD

Symptomatic CTRCD (HF)a,b Very severe HF requiring inotropic support, mechanical circulatory support, or
consideration of transplantation

Severe HF hospitalization

Moderate Need for outpatient intensification of diuretic and HF therapy

Mild Mild HF symptoms, no intensification of therapy required

Asymptomatic CTRCD Severe New LVEF reduction to ,40%

Moderate New LVEF reduction by ≥10 percentage points to an LVEF
of 40–49%
OR

New LVEF reduction by ,10 percentage points to an LVEF of 40–
49% AND either new relative decline in GLS by.15% from baseline
OR new rise in cardiac biomarkersc

Mild LVEF≥50%
AND new relative decline in GLS by .15% from baseline
AND/OR new rise in cardiac biomarkersc

ICI myocarditis (either pathohistological diagnosis or clinical diagnosis)

Pathohistological diagnosis (EMB) Multifocal inflammatory cell infiltrates with overt cardiomyocyte loss by light microscopy

Clinical diagnosisd cTn elevation (new or significant change from baseline)ewith 1major criterion or 2minor criteria,
after exclusion of ACS and acute infectious myocarditis based on clinical suspicionf

Major criterion:
• CMR diagnostic for acute myocarditis (modified Lake Louise criteria)g

Minor criteria:
• Clinical syndrome (including any one of the following: fatigue, myalgias, chest pain, diplopia, ptosis,
shortness of breath, orthopnoea, lower-extremity oedema, palpitations, light-headedness/dizziness,
syncope, muscle weakness, cardiogenic shock)

• Ventricular arrhythmia (including cardiac arrest) and/or new conduction system disease
• Decline in LV systolic function, with or without regional wall motion abnormalities in a non-Takotsubo
pattern

• Other immune-related adverse events, particularly myositis, myopathy, myasthenia gravis
• Suggestive CMRh

Severity of myocarditis • Fulminant: Haemodynamic instability, HF requiring non-invasive or invasive ventilation, complete or
high-grade heart block, and/or significant ventricular arrhythmia

• Non-fulminant: including symptomatic but haemodynamically and electrically stable patients and
incidental cases diagnosed at the same time as other immuno-related adverse events. Patients may have
reduced LVEF but no features of severe disease

• Steroid refractory: non-resolving or worsening myocarditis (clinical worsening or persistent troponin
elevation after exclusion of other aetiologies) despite high-dose methylprednisolone

Recovery from myocarditis • Complete recovery: Patients with complete resolution of acute symptoms, normalization of
biomarkers, and recovery of LVEF after discontinuation of immunosuppression. CMR may still show LGE
or elevated T1 due to fibrosis, but any suggestion of acute oedema should be absent

• Recovering: Ongoing improvement in patient clinical symptoms, signs, biomarkers, and imaging
parameters, but not yet normalized, while on tapering doses of immunosuppression

Vascular toxicity (for general cardiology definitions, see Supplementary data, Table S1)

Asymptomatic vascular toxicity CAD Symptomatic vascular
toxicity

Stroke

PAD Transient ischaemic attack

Carotid artery disease MI

Venous thrombosis ACS

Arterial thrombosis CCS

Peripheral vasoreactivity PAD

Continued

ESC Guidelines 15
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Strain Global Long VE = 23.4% 
FE = 68%

29/07/2019 - dose 375mg/m2

Strain Global Long VE = 16.7% 
FE = 66%

⇣△28.6%
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study demonstrated an excellent reproducibility of 
global longitudinal strain with a CV ≤4 % [59]. However, 
the variability of segmental strain values was somehow 
higher compared to global strain values [60]. Segmental 
analysis showed that inter- and intra-observer reproduc-
ibility of longitudinal strain measurements was better at 
middle segments (inter- and intra-observer CV 6.3 ± 3.5 
and 6.0  ±  3.2  %) than at basal and apical segments 
(inter- and intra-observer CV 8.5 ± 5.6 and 8.1 ± 5.2 % 
for basal segments, 9.0 ± 5.2 and 11.0 ± 6.3 % for apical 
segments) [59].

Clinical implication
"e bull’s eye plot offers an intuitive visual overview of 
the global and regional LV myocardial function status 
in various cardiomyopathies with LVH. "e bull’s eye 
longitudinal strain mapping is clinically feasible and the 
plot patterns derived by a further expansion of this tech-
nique in clinical practice provide clues to the etiology of 
cardiomyopathies.

"ree information can be extracted from 2D STI. First, 
the investigator gets information of the overall LV func-
tion by averaged strain. Global longitudinal deformation 

Fig. 7 Examples of the longitudinal strain bull’s eye plot in genetically proven patients with Friedreich’s ataxia (FA) cardiomyopathy. a FA patient 
with ST-T abnormalities on ECG, 34-year-old female; LVPWd and IVSd are 9 mm, LVEF is 74 %. b FA patient with concentric LVH and normal EF (64 %), 
21-year-old male; LVPWd and IVSd are 11 mm. c FA patient with concentric LVH and reduced EF (46 %), 20-year-old male; LVPWd and IVSd are 
11 mm

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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STI-derived stain and strain rate curves rely on both 
spatial and temporal smoothing, and a spline smoothing 
function enables smoother curves. However, excessive 
smoothing may lead to undersampling. !e regulariza-
tion of spatial and temporal smoothing function is avail-
able in the most commercial applications. Segmental 
strain values could be affected while adjusting the 
smoothing parameters [57]. !us, it is recommended 
that smoothing should be limited to the necessary mini-
mum in deformation analysis [7]. Reverberations are 
sometimes tracked or interfere with the frame-by-frame 
tracking, which might result in drift or incorrect calcula-
tion of myocardial deformation.

Reproducibility of longitudinal strain bull’s eye plot
!e bull’s eye plot serves as a reconstructional modality 
based on global and regional longitudinal systolic strain 
measurements. Its reproducibility therefore is consist-
ent with the reproducibility of speckle tracking derived 
longitudinal strain measurements, which have been well 
demonstrated in a number of studies. In general, accu-
racy of 2D speckle tracking-derived strain measurements 
by the current available software was acceptable with 
high intra-vendor reproducibility [coefficients of varia-
tion (CV) <5 %] in clinical models including normal, LV 
hypertrophy, dilated, and exercise model [58]. A recent 
report from a large and epidemiologic community-based 

Fig. 6 Examples of the longitudinal strain bull’s eye plot in genetically proven patients with Fabry cardiomyopathy. a Fabry patient with concentric 
LVH, 48-year-old male; LVPWd and IVSd are 13 mm, LVEF is 70 %. b Fabry patient with a prominent papillary muscle, 44-year-old female; LVPWd and 
IVSd are 14 mm, LVEF is 67 %. c Late-stage Fabry cardiomyopathy patient, 74-year-old female; IVSd is 18 mm, LVPWd is 13 mm, basal lateral wall 
thickness is 11 mm, and EF is 72 %

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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STRAIN 2D - DIAGNÓSTICO E PROGNÓSTICO EM AMILOIDOSE

Knight DS, et al. JACC: Cardiovascular Imaging 2019

Quando temos achados clássicos ao ECO em geral a doença já se encontra bastante avançada

excluded). Subanalyses of the AL and ATTR
amyloidosis patient cohorts were also performed. The
Harrell C statistic was calculated for the different
models.

RESULTS

STUDY POPULATION CHARACTERISTICS. Details of
the 322 subjects are shown in Table 1. The TTR mu-
tations in the 158 patients with definite cardiac ATTR
amyloidosis were as follows: V122I, n ¼ 30; T60A, n ¼
16; V30M, n ¼ 3; E89K, n ¼ 2; and E54G, D38Y, F44L,
and I73V, n ¼ 1 each. Of 20 patients with suspected
cardiac ATTR amyloidosis, the TTR mutations were as
follows: S77Y, n ¼ 3; V122I and V30M, n ¼ 2 each;
E54G, G47V, I84S, and I107F, n ¼ 1 each. Of the 11
asymptomatic individuals with TTR mutations, 6 had
TTR V30M, 4 had T60A, and 1 had S77Y. Patients with

ATTR amyloidosis were older, had poorer renal
function, and a higher prevalence of electrocardio-
graphic conduction abnormalities. Twenty-three pa-
tients were excluded from ECV analysis due to
significant renal impairment precluding gadolinium
administration (n ¼ 5) or due to constraints specific to
the clinical circumstances (n ¼ 18).
RELATIONSHIP BETWEEN NONINVASIVE FUNCTIONAL

METRICS AND ECV. The ECV values in the 299 patients
who underwent this assessment by CMR were divided
into tertiles. Increasing myocardial amyloid burden
across these ECV tertiles was associated with several
structural and functional changes in both the AL and
ATTR patient cohorts (Table 2): more severe diastolic
dysfunction and worsening LGS by echocardi-
ography; increased LV mass, increased biventricular
end-systolic volumes, decreased biventricular
EFs, decreased SV, and worsening biventricular

FIGURE 1 The Probability of Cardiac Structural and Functional Variables Being Abnormal Across the Spectrum of Cardiac Amyloid Burden
(as Defined by ECV)
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Probabilidade de alterações estruturais e funcionais ao 
longo do espectro de grau de infiltração Amilóide 

(definido pelo VEC - RM)

322 pacientes - 133 AL, 158 ATTR, 
 11 carreadores assintomáticos de mutações

Todos RM + ECO

Strain
E/e’

FE VE
FE VD

STRAIN - APLICAÇÕES CLÍNICAS - AMILOIDOSE



DIAGNÓSTICO DIFERENCIAL

Diferenciação entre fenótipos de Hipertrofia VE

Phelan D, et al. Heart 2012
Cleveland Clinic, Ohio 

larger group of patients with LVH, as comparator groups, we
identified 30 patients matched for mean LV wall thickness: 15
patients with HCM and 15 patients with aortic stenosis (AS).
Consecutive patients were identified using the echocardio-
graphic database over a 1-month period using the search terms,
‘HCM’, ‘severe aortic stenosis’ and their variants. In addition,
patients had to have had a clinic visit with a cardiologist at the
CCF with confirmation of the diagnosis.

Among these patients, only those who had an echocardiogram
performed on a Vivid 7 or Vivid 9 ultrasound system (GE
Medical, Milwaukee, Wisconsin, USA) with adequate-quality 2-
D images were included. Only patients with studies done on the
GE systems were included as only such images are amenable to
speckle-tracking-based strain assessment. Adequate 2-D quality
was defined as absence of dropout or artefacts and inadequate
visualisation of no more than two segments. The study protocol
was approved by the institutional review board of the CCF.

Echocardiography
The complete echocardiogram was reviewed for each included
patient with the following measurements prospectively
performed according to the American Society of Echocardiog-
raphy (ASE) guidelines7: ejection fraction (EF) using the biplane
Simpson’s method from apical two- and four-chamber windows,
left atrial volume index using a biplane areaelength formula,
end-diastolic interventricular septal (IVS) and posterior wall
(PW) thickness and LV internal dimension in diastole. LV mass
index was calculated based on modelling the LV as a prolate
ellipse.7 Mean LV wall thickness was calculated as (IVS+PWT)/
2. Diastolic parameters, including peak early (E) and late (A)
diastolic mitral inflow velocity and its ratio (E/A), deceleration
time (DT) and average of the medial and lateral mitral annular
diastolic velocities (e’), were also measured according to ASE
guidelines.8

LS measurements were performed offline using automated
software (EchoPAC Version 110.0.0. Advanced Analysis Tech-
nologies; GE Medical Systems) as described previously.9 In brief,
using three standard apical views, the LV endocardium was
manually identified and tissue speckles were automatically
tracked frame by frame throughout the cardiac cycle. A ‘bull’s-
eye’ plot illustrating segmental LS values was automatically
generated (figure 1). Strain analysis was deemed unacceptable if
two or more segments did not track adequately after two
manual adjustments of the endocardial borders. Strain values
from all segments were averaged to obtain a global LS value.
Also, the strain values for the six basal, six mid and six apical
segments of the LV were averaged to obtain three ‘regional’ LS
values. The apex-to-base gradient in regional LS was examined
using absolute strain values as well as a relative apical LS
calculated as:

Relative apical LS ¼ Average apical LS
Average basal LS þ Average mid LS

Electrocardiograms
ECGs were available in 98% of patients. Low voltage was defined
as QRS amplitude of #0.5 mV in all limb leads or #1 mV in all
precordial leads. A pseudoinfarct pattern was defined as the
presence of Q waves in two consecutive leads in patients with
documented normal coronary arteries, or non-occlusive coronary
artery disease without a history of myocardial infarction.10

ECGs were read by an experienced reader who was blinded to
the underlying diagnosis.

Cardiac magnetic resonance
CMR imaging was used to assess the potential mechanism for
the apical sparing seen with strain analysis. Patients with CA
who had CMR imaging as part of their clinical investigation were

Figure 1 Representative two-dimensional speckle-tracking longitudinal strain patterns (‘bull’s eye plots’) for each subgroup. (A1e4) Apical sparing
pattern in patients with cardiac amyloidosis. (B1,2) Isolated impairment of septal longitudinal strain (LS) in septal hypertrophic cardiomyopathy. (C1,2)
Patchy reduction in longitudinal strain in left ventricular hypertrophy related to aortic stenosis.
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identified even before any of the traditional echocardiographic
parameters become abnormal.14 16 Other studies have illustrated
the prognostic value of reduced strain and its superiority to
standard parameters.17 Although these studies are encouraging,
a reduction in global LS, like many of the other echocardio-
graphic parameters used, is not a specific finding to CA. Any
myopathic process which impairs EF will result in a reduction in
global LS. Increasing attention has turned to the use of regional
strain assessment as a potential means of overcoming such
difficulties. Studies adopting tissue Doppler-derived strain in CA
have noted small non-significant differences from apex to base in
LS.16 17 However, tissue Doppler is sensitive to artefact, partic-
ularly in the near field, and therefore may underestimate apical
strain. Consistent with our findings, Sun et al observed regional
differences in circumferential strain in patients with CA using 2-
D speckle tracking, but they did not examine regional LS in CA.9

We identified a higher apex-to-base absolute LS gradient in
patients with CA compared with AS but not HCM. However,
clear regional and segmental differences could distinguish CA
from HCM. Patients with CA had marked reduction in LS in all
segments in basal and mid-ventricular wall regions. In contrast,
HCM was characterised by a marked reduction in segmental LS
at the septumdthe site of greatest hypertrophydwith normal/
super-normal strain values noted elsewhere. Therefore, in HCM,
LS was significantly higher at each level in comparison with CA.

In order to incorporate two important strain features in CA
(reduced global LS and the apex-to-base gradient), we next
examined relative apical LS expressed using average apical LS as
a quotient of the sum of the average mid and basal LS. This
method allowed for a clear separation of patients with CA from

other patient groups studied. An average apical LS value equal to
or more than the sum of the basal and mid-LS was highly
sensitive and specific in diagnosing CA. While global LS has
previously been demonstrated to be a means of differentiating
CA from HCM and LVH,9 we show incremental diagnostic
value in the use of relative apical LS. Furthermore, the relative
apical LS had incremental diagnostic value over some of the
other traditional parameters that may be helpful in identifying
CA, such as ventricular morphological parameters, ECG findings,
and systolic and diastolic parameters.
Few differences in LS patterns were noted between different

types of CA. An apical sparing pattern in LS was consistently
found regardless of the subtype of amyloid. However, patients
with TTR CA were found to have significantly lower average
apical LS than those with AL amyloidosis. Although an inter-
esting finding, we consider this to be an exploratory analysis
owing to the small sample size of the subgroups.
Finally, similar to previous studies, the inter- and intraobserver

variability for the strain measurements were clinically
acceptable.18

Potential mechanisms of apical sparing
In the subgroup of patients with CA who underwent CMR, we
noted an approximate doubling of LV wall thickness in the basal
and mid-segments compared with a normal reference range;
however, there was only a 26% increase in wall thickness at the
apex. This may indicate that relatively less amyloid deposition
occurs in the apex than in the base. It is possible that with less
extracellular protein deposition, there is less resistance to
deformation and through a process of dynamic reciprocity,
increased myocyte contraction, resulting in relative sparing of
apical strain.19 Of note, a greater diversity of myocyte and
matrix orientations occurs at the apex compared with the base,
which also may have significance for preservation of regional
LS.20

Finally, analysis of CMR images in a subgroup of patients
with CA showed a significant improvement in regional wall
motion score from base to apex. This would suggest that sparing
of apical LS is a real phenomenon rather than simply a speckle-
tracking epiphenomenon.

Limitations
There are some limitations to consider in this study. First, this is
an observational study involving small numbers of patients in
groups of unequal sizes. However, given the low prevalence of
CA, study numbers compare favourably with previously
published studies.4 21 Second, the analysis was performed using
speckle-tracking-based strain from a single vendor, and hence the
findings may not be generalisable to all methods of LS assess-
ment or indeed other vendors. Third, we used AS as a control
group representing LVH secondary to increased afterload. This
group was used in an attempt to match wall thickness between
patients with CA as it is challenging to identify this degree of

Table 3 Longitudinal strain parameters in cardiac amyloidosis
AL amyloidosis (n[27) TTR amyloidosis (n[26) p Value AL l (n[19) AL k (n[8) p Value

Mean basal strain (%) !4.663.8 !3.363.3 0.20 !4.863.5 !4.264.6 0.69

Mean mid-strain (%) !8.764.1 !7.063.5 0.12 !9.563.7 !6.864.7 0.13

Mean apical strain (%) !17.565.2 !14.564.8 0.03 !18.565.3 !15.164.5 0.12

Mean global strain (%) !9.963.9 !7.963.5 0.07 !10.563.6 !8.364.5 0.19

Mean relative strain 1.962.1 2.061.4 0.90 1.560.8 3.063.6 0.10

AL, amyloid light chain; TTR, transthyretin.

Figure 4 Comparison of receiver operating characteristic curves of
both non-deformation and deformation echocardiographic parameters to
diagnose cardiac amyloidosis. LS, longitudinal strain.
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Relative apical longitudinal strain > 1 highly 
specific for CA

larger group of patients with LVH, as comparator groups, we
identified 30 patients matched for mean LV wall thickness: 15
patients with HCM and 15 patients with aortic stenosis (AS).
Consecutive patients were identified using the echocardio-
graphic database over a 1-month period using the search terms,
‘HCM’, ‘severe aortic stenosis’ and their variants. In addition,
patients had to have had a clinic visit with a cardiologist at the
CCF with confirmation of the diagnosis.

Among these patients, only those who had an echocardiogram
performed on a Vivid 7 or Vivid 9 ultrasound system (GE
Medical, Milwaukee, Wisconsin, USA) with adequate-quality 2-
D images were included. Only patients with studies done on the
GE systems were included as only such images are amenable to
speckle-tracking-based strain assessment. Adequate 2-D quality
was defined as absence of dropout or artefacts and inadequate
visualisation of no more than two segments. The study protocol
was approved by the institutional review board of the CCF.

Echocardiography
The complete echocardiogram was reviewed for each included
patient with the following measurements prospectively
performed according to the American Society of Echocardiog-
raphy (ASE) guidelines7: ejection fraction (EF) using the biplane
Simpson’s method from apical two- and four-chamber windows,
left atrial volume index using a biplane areaelength formula,
end-diastolic interventricular septal (IVS) and posterior wall
(PW) thickness and LV internal dimension in diastole. LV mass
index was calculated based on modelling the LV as a prolate
ellipse.7 Mean LV wall thickness was calculated as (IVS+PWT)/
2. Diastolic parameters, including peak early (E) and late (A)
diastolic mitral inflow velocity and its ratio (E/A), deceleration
time (DT) and average of the medial and lateral mitral annular
diastolic velocities (e’), were also measured according to ASE
guidelines.8

LS measurements were performed offline using automated
software (EchoPAC Version 110.0.0. Advanced Analysis Tech-
nologies; GE Medical Systems) as described previously.9 In brief,
using three standard apical views, the LV endocardium was
manually identified and tissue speckles were automatically
tracked frame by frame throughout the cardiac cycle. A ‘bull’s-
eye’ plot illustrating segmental LS values was automatically
generated (figure 1). Strain analysis was deemed unacceptable if
two or more segments did not track adequately after two
manual adjustments of the endocardial borders. Strain values
from all segments were averaged to obtain a global LS value.
Also, the strain values for the six basal, six mid and six apical
segments of the LV were averaged to obtain three ‘regional’ LS
values. The apex-to-base gradient in regional LS was examined
using absolute strain values as well as a relative apical LS
calculated as:

Relative apical LS ¼ Average apical LS
Average basal LS þ Average mid LS

Electrocardiograms
ECGs were available in 98% of patients. Low voltage was defined
as QRS amplitude of #0.5 mV in all limb leads or #1 mV in all
precordial leads. A pseudoinfarct pattern was defined as the
presence of Q waves in two consecutive leads in patients with
documented normal coronary arteries, or non-occlusive coronary
artery disease without a history of myocardial infarction.10

ECGs were read by an experienced reader who was blinded to
the underlying diagnosis.

Cardiac magnetic resonance
CMR imaging was used to assess the potential mechanism for
the apical sparing seen with strain analysis. Patients with CA
who had CMR imaging as part of their clinical investigation were

Figure 1 Representative two-dimensional speckle-tracking longitudinal strain patterns (‘bull’s eye plots’) for each subgroup. (A1e4) Apical sparing
pattern in patients with cardiac amyloidosis. (B1,2) Isolated impairment of septal longitudinal strain (LS) in septal hypertrophic cardiomyopathy. (C1,2)
Patchy reduction in longitudinal strain in left ventricular hypertrophy related to aortic stenosis.
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larger group of patients with LVH, as comparator groups, we
identified 30 patients matched for mean LV wall thickness: 15
patients with HCM and 15 patients with aortic stenosis (AS).
Consecutive patients were identified using the echocardio-
graphic database over a 1-month period using the search terms,
‘HCM’, ‘severe aortic stenosis’ and their variants. In addition,
patients had to have had a clinic visit with a cardiologist at the
CCF with confirmation of the diagnosis.

Among these patients, only those who had an echocardiogram
performed on a Vivid 7 or Vivid 9 ultrasound system (GE
Medical, Milwaukee, Wisconsin, USA) with adequate-quality 2-
D images were included. Only patients with studies done on the
GE systems were included as only such images are amenable to
speckle-tracking-based strain assessment. Adequate 2-D quality
was defined as absence of dropout or artefacts and inadequate
visualisation of no more than two segments. The study protocol
was approved by the institutional review board of the CCF.
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The complete echocardiogram was reviewed for each included
patient with the following measurements prospectively
performed according to the American Society of Echocardiog-
raphy (ASE) guidelines7: ejection fraction (EF) using the biplane
Simpson’s method from apical two- and four-chamber windows,
left atrial volume index using a biplane areaelength formula,
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(PW) thickness and LV internal dimension in diastole. LV mass
index was calculated based on modelling the LV as a prolate
ellipse.7 Mean LV wall thickness was calculated as (IVS+PWT)/
2. Diastolic parameters, including peak early (E) and late (A)
diastolic mitral inflow velocity and its ratio (E/A), deceleration
time (DT) and average of the medial and lateral mitral annular
diastolic velocities (e’), were also measured according to ASE
guidelines.8

LS measurements were performed offline using automated
software (EchoPAC Version 110.0.0. Advanced Analysis Tech-
nologies; GE Medical Systems) as described previously.9 In brief,
using three standard apical views, the LV endocardium was
manually identified and tissue speckles were automatically
tracked frame by frame throughout the cardiac cycle. A ‘bull’s-
eye’ plot illustrating segmental LS values was automatically
generated (figure 1). Strain analysis was deemed unacceptable if
two or more segments did not track adequately after two
manual adjustments of the endocardial borders. Strain values
from all segments were averaged to obtain a global LS value.
Also, the strain values for the six basal, six mid and six apical
segments of the LV were averaged to obtain three ‘regional’ LS
values. The apex-to-base gradient in regional LS was examined
using absolute strain values as well as a relative apical LS
calculated as:

Relative apical LS ¼ Average apical LS
Average basal LS þ Average mid LS

Electrocardiograms
ECGs were available in 98% of patients. Low voltage was defined
as QRS amplitude of #0.5 mV in all limb leads or #1 mV in all
precordial leads. A pseudoinfarct pattern was defined as the
presence of Q waves in two consecutive leads in patients with
documented normal coronary arteries, or non-occlusive coronary
artery disease without a history of myocardial infarction.10

ECGs were read by an experienced reader who was blinded to
the underlying diagnosis.

Cardiac magnetic resonance
CMR imaging was used to assess the potential mechanism for
the apical sparing seen with strain analysis. Patients with CA
who had CMR imaging as part of their clinical investigation were

Figure 1 Representative two-dimensional speckle-tracking longitudinal strain patterns (‘bull’s eye plots’) for each subgroup. (A1e4) Apical sparing
pattern in patients with cardiac amyloidosis. (B1,2) Isolated impairment of septal longitudinal strain (LS) in septal hypertrophic cardiomyopathy. (C1,2)
Patchy reduction in longitudinal strain in left ventricular hypertrophy related to aortic stenosis.
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(especialmente AL)  

SIV ≥ 12mm

“RED FLAGS” E FLUXOGRAMA DIAGNÓSTICO

Quando pensar e como
diagnosticar a Amiloidose?

dicsbc.org
deic.cardiol.br
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ACHADOS PRECOCES ACHADOS CLÁSSICOS
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Baixa voltagem em derivações periféricas, ausência 
de progressão de R em derivações precordiais V1 a 
V3 (padrão de pseudoinfarto) e BAV de I grau. Além 
desse exemplo, outras alterações estão descritas 
no fluxograma ao lado (Red flags)

Principais achados na RMC:
Cine-RM
Aumento da espessura miocárdica 
“discreto na fase inicial e acentuado 
na fase tardia da amiloidose 
(amiloidose clássica)”.
Aumento biatrial.

• Sempre confirmar que a captação do 99mTc-pirofosfato é no miocárdio pelo SPECT.

• Captação grau 2/3 = amiloidose ATTR confirmada na ausência de gamopatia monoclonal

• Captação grau 0/1 com alta suspeição clínica realizar biopsia para evitar falso negativos

• Perugini 1 = captação menos intensa que as costelas

• Perugini 2 = captação de mesma intensidade que as costelas

• Perugini 3 = captação mais intensa que as costelas com redução da captação óssea.

• São feitas imagens de 1h e 3h, sendo que as de 1h são opcionais.
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DIAGNÓSTICO HISTOLÓGICO DE AMILOIDOSE
EM BIÓPSIA ENDOMIOCÁRDICA:

a) Miocárdio apresentando extensas áreas do interstício alargadas pela deposição de material proteico amorfo e róseo, que pode ser confundido 
com fibrose, inclusive com Tricrômico de Masson positivo, coloração para fibrose. Área circulada será mostrada nas figuras seguintes 
(Hematoxilina&Eosina; objetiva de 5X); b) Miocárdio corado pela técnica do Vermelho Congo mostrando intenso depósito amiloide intersticial 
(Vermelho Congo; objetiva de 20X); c) Resultado da imagem após a exposição do Vermelho Congo à luz polarizada. Note o brilho verde-maçã 
da luz refringente, característico do material amiloide (Vermelho Congo com luz polarizada; objetiva de 20X);

Autores: Diane Xavier de Ávila, Alex dos Santos Felix, Evandro Tinoco Mesquita, ClaudioTinoco Mesquita, Marcelo Tavares, Marcus Vinicius Simões, 
Lidia Ana Zytynski Moura, Flávio Valicelli, Fabio Fernandes, Isabela Bispo, Adenalva Beck, Edileide de Barros Corrêa, Daniela do Carmo Rassi Frota, 
Jussara Bianchi Castelli, Silvio Henrique Barberato. Referência:  Simões MV, Fernandes F, Marcondes-Braga FG, Scheinberg P, Correia EB, Rohde LEP, Bacal 
F, et al. Posicionamento sobre Diagnóstico e Tratamento da Amiloidose Cardíaca - 2021. Arq. Bras. Cardiol. 2021;117(3):561-98.

Após a confirmação patológica de amiloidose, evidenciada pela coloração de Vermelho Congo positivo sob luz polarizada, 
recomenda-se prosseguir com a espectrometria de massa para identificar a proteína amiloide depositada no tecido.

REFERÊNCIAS E CONTRIBUIÇÕES

1 - Insuficiência cardíaca: Uso cauteloso de medicamentos como ARNI, inibidores da ECA/ARB, beta-bloqueadores. 
Alívio de sintomas de congestão com os diuréticos, melhora de prognóstico e boa tolerância com iSGLT2. Transplante 
cardíaco e cuidados paliativos são opções para casos avançados.

2 - Arritmias: Na fibrilação atrial, anticoagular independente do CHADS-VASc, controlar frequência cardíaca ou ritmo,  
e indicar ablação se aplicável. Uso de marcapasso para bloqueio cardíaco e cardiodesfibrilador implantável/terapia de 
ressincronização conforme necessário.

3 - Terapias modificadoras: {A} • ATTRwt e hereditária - Cardiomiopatia: Tafamidis 20mg, 4 comp ou 61mg, 1 comp ao 
dia. Patisiran IV 0,3mg/kg a cada 21 dias. Vutrisiran 25mg SC trimestral. {B} ATTRh - Polineuropatia: Tafamidis 20mg para 
estágio 1, e terapias silenciadoras de TTR para estágio 1 e 2 (inotersen, patisiran, vutrisiran, eplontersen). {C} •  AL-CM: 
Tratamento direcionado para plasmócitos em colaboração com hematologistas (Daratumumabe).

O tratamento deve ser individualizado, levando em conta a tolerância e estágio da doença, e decidido em 
conjunto pelo cardiologista e neurologista.

TRATAMENTO

“RED FLAGS” AO ECG

“RED FLAGS” AO ECOCARDIOGRAMA

RESSONÂNCIA DO CORAÇÃO

CINTILOGRAFIA MIOCÁRDICA COM PIROFOSFATO (99mTc-PYP)

AMILOIDOSE FASE INICIAL

AMILOIDOSE CLÁSSICA

CINE-RM T1 NATIVO REALCE TARDIO VOLUME EXTRACELULAR

CINE-RM REALCE TARDIOT1 NATIVO

PE
R

U
G

IN
I 2

PE
R

U
G

IN
I 3

CADEIAS LEVES
Presentes

CADEIAS LEVES
Ausentes

T1 nativo
Elevação de T1 nativo e volume 
extracelular, mesmo em fases iniciais.

Realce Tardio
RT subendocárdico/transmural, difuso, 
de padrão não coronariano (clássico).
Em fases iniciais o RT pode não ser 
visualizado. Ausência de clareamento 
do sangue (blood-pool nulling).
Presença de derrames cavitários 
(pericárdico e pleural).

Adaptado de: Simões et al. Arq Bras Cardiol 2021

POSTER DIC / DEIC 2025

01 . Rota Hematológica

SIM

NÃO

Consulta com
hematologista

(urgência)

Biópsia
de tecidos
periféricos

Amiloidose encontrada

Amiloidose cardíaca
confirmada

Tipagem de proteína amilóide
(espectroscopia de massa ou IH*)

*IH = imunohistoquímica;

+
02 . Rota Cardiológica

Cintilografia cardíaca com traçador ósseo,
Pirofosfato - Tc-99m, disponível?

SIM NÃO

Amiloidose 
cardíaca 

improvável

Amiloidose 
cardíaca 

confirmada

Amiloidose 
cardíaca 

descartada

Amiloidose 
cardíaca 

confirmada

SIMNÃO SIMNÃO

Captação cardíaca 
grau 2,3 e relação coração/

 contralateral ≥ 1,5 
confirmadas com SPECT

Biópsia 
endomiocárdica

(vermelho
congo)

Sequenciamento genético para TTR Tipagem 
da proteína amiloide

(espectroscopia
de massa ou IH*)

Positivo                  Negativo

ATTR hereditária
(ATTRh)

ATTR selvagem
(ATTRwt)

2A 2B

Suspeita 
clínica

persistente:
Ir para 
Rota 2B

SUSPEITA CLÍNICA DE AMILOIDOSE CARDÍACA BASEADA EM HISTÓRIA E EXAME FÍSICO, 
COM ACHADOS SUGESTIVOS NO ECG, ECOCARDIOGRAMA, RMC

INVESTIGAÇÃO PARA CADEIAS LEVES MONOCLONAIS:
• Dosagem da relação Kappa/lambda sérica • Imunofixação sérica • Imunofixação urinária

Sinais de Alerta Sistêmicos 
para Amiloidose

Cansaço 
Fraqueza
Adinamia
Dispneia

Disautonomia
Lipotímia
Síncope
Intolerância a 
vasodilatadores e
a betabloqueadores Eletrocardiograma:

Desproporção amplitude 
QRS/espessura de parede
Pseudoinfartos
Distúrbios de Condução
Bradi/Taquiarritmias
Ecocardiograma:
Aumento da espessura
miocárdica, Estenose Aórtica
(demais redflags, vide
tabela ao lado)

Polineuropatia periférica não explicada
Síndrome do  túnel do carpo bilateral
Ruptura de tendão (ex.biceps unilateral)
Estenose de canal vertebral Sintomas gastrointestinais:

Plenitude pós-prandial 
Diarréia/constipação

Microalbuminúria/Proteinúria 
(especialmente AL)
Disfunção renal

Perda de Peso

Púrpura periorbital, 
Macroglossia
(especialmente AL)  

SIV ≥ 12mm

“RED FLAGS” E FLUXOGRAMA DIAGNÓSTICO

Quando pensar e como
diagnosticar a Amiloidose?

dicsbc.org
deic.cardiol.br
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ACHADOS PRECOCES ACHADOS CLÁSSICOS
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Baixa voltagem em derivações periféricas, ausência 
de progressão de R em derivações precordiais V1 a 
V3 (padrão de pseudoinfarto) e BAV de I grau. Além 
desse exemplo, outras alterações estão descritas 
no fluxograma ao lado (Red flags)

Principais achados na RMC:
Cine-RM
Aumento da espessura miocárdica 
“discreto na fase inicial e acentuado 
na fase tardia da amiloidose 
(amiloidose clássica)”.
Aumento biatrial.

• Sempre confirmar que a captação do 99mTc-pirofosfato é no miocárdio pelo SPECT.

• Captação grau 2/3 = amiloidose ATTR confirmada na ausência de gamopatia monoclonal

• Captação grau 0/1 com alta suspeição clínica realizar biopsia para evitar falso negativos

• Perugini 1 = captação menos intensa que as costelas

• Perugini 2 = captação de mesma intensidade que as costelas

• Perugini 3 = captação mais intensa que as costelas com redução da captação óssea.

• São feitas imagens de 1h e 3h, sendo que as de 1h são opcionais.
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DIAGNÓSTICO HISTOLÓGICO DE AMILOIDOSE
EM BIÓPSIA ENDOMIOCÁRDICA:

a) Miocárdio apresentando extensas áreas do interstício alargadas pela deposição de material proteico amorfo e róseo, que pode ser confundido 
com fibrose, inclusive com Tricrômico de Masson positivo, coloração para fibrose. Área circulada será mostrada nas figuras seguintes 
(Hematoxilina&Eosina; objetiva de 5X); b) Miocárdio corado pela técnica do Vermelho Congo mostrando intenso depósito amiloide intersticial 
(Vermelho Congo; objetiva de 20X); c) Resultado da imagem após a exposição do Vermelho Congo à luz polarizada. Note o brilho verde-maçã 
da luz refringente, característico do material amiloide (Vermelho Congo com luz polarizada; objetiva de 20X);

Autores: Diane Xavier de Ávila, Alex dos Santos Felix, Evandro Tinoco Mesquita, ClaudioTinoco Mesquita, Marcelo Tavares, Marcus Vinicius Simões, 
Lidia Ana Zytynski Moura, Flávio Valicelli, Fabio Fernandes, Isabela Bispo, Adenalva Beck, Edileide de Barros Corrêa, Daniela do Carmo Rassi Frota, 
Jussara Bianchi Castelli, Silvio Henrique Barberato. Referência:  Simões MV, Fernandes F, Marcondes-Braga FG, Scheinberg P, Correia EB, Rohde LEP, Bacal 
F, et al. Posicionamento sobre Diagnóstico e Tratamento da Amiloidose Cardíaca - 2021. Arq. Bras. Cardiol. 2021;117(3):561-98.

Após a confirmação patológica de amiloidose, evidenciada pela coloração de Vermelho Congo positivo sob luz polarizada, 
recomenda-se prosseguir com a espectrometria de massa para identificar a proteína amiloide depositada no tecido.

REFERÊNCIAS E CONTRIBUIÇÕES

1 - Insuficiência cardíaca: Uso cauteloso de medicamentos como ARNI, inibidores da ECA/ARB, beta-bloqueadores. 
Alívio de sintomas de congestão com os diuréticos, melhora de prognóstico e boa tolerância com iSGLT2. Transplante 
cardíaco e cuidados paliativos são opções para casos avançados.

2 - Arritmias: Na fibrilação atrial, anticoagular independente do CHADS-VASc, controlar frequência cardíaca ou ritmo,  
e indicar ablação se aplicável. Uso de marcapasso para bloqueio cardíaco e cardiodesfibrilador implantável/terapia de 
ressincronização conforme necessário.

3 - Terapias modificadoras: {A} • ATTRwt e hereditária - Cardiomiopatia: Tafamidis 20mg, 4 comp ou 61mg, 1 comp ao 
dia. Patisiran IV 0,3mg/kg a cada 21 dias. Vutrisiran 25mg SC trimestral. {B} ATTRh - Polineuropatia: Tafamidis 20mg para 
estágio 1, e terapias silenciadoras de TTR para estágio 1 e 2 (inotersen, patisiran, vutrisiran, eplontersen). {C} •  AL-CM: 
Tratamento direcionado para plasmócitos em colaboração com hematologistas (Daratumumabe).

O tratamento deve ser individualizado, levando em conta a tolerância e estágio da doença, e decidido em 
conjunto pelo cardiologista e neurologista.

TRATAMENTO

“RED FLAGS” AO ECG

“RED FLAGS” AO ECOCARDIOGRAMA

RESSONÂNCIA DO CORAÇÃO

CINTILOGRAFIA MIOCÁRDICA COM PIROFOSFATO (99mTc-PYP)

AMILOIDOSE FASE INICIAL

AMILOIDOSE CLÁSSICA

CINE-RM T1 NATIVO REALCE TARDIO VOLUME EXTRACELULAR

CINE-RM REALCE TARDIOT1 NATIVO
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CADEIAS LEVES
Presentes

CADEIAS LEVES
Ausentes

T1 nativo
Elevação de T1 nativo e volume 
extracelular, mesmo em fases iniciais.

Realce Tardio
RT subendocárdico/transmural, difuso, 
de padrão não coronariano (clássico).
Em fases iniciais o RT pode não ser 
visualizado. Ausência de clareamento 
do sangue (blood-pool nulling).
Presença de derrames cavitários 
(pericárdico e pleural).

Adaptado de: Simões et al. Arq Bras Cardiol 2021

Avila D, Felix, AS, Mesquita EV, Mesquita CT, Tavares M, Simões MV, 
Moura LAZ, Valicelli F, Fernandes F, Bispo I, Corrêa EG, Frota DCR, 

Castelli JB, Barberato SH  



STRAIN - APLICAÇÕES CLÍNICAS

VALVOPATIAS COM FE NORMAL ASSINTOMATICOS

Study Limitations

Our study was a retrospective analysis of patients undergoing MV
reconstructive surgery at our institution. The inclusion of subjects
was not linear throughout a set period of time, as selection was based
on the availability and quality of preoperative echocardiographic
studies. This timing variability notwithstanding, all cases were

performed by the same surgeon (D.H.A.), allowing a better
confounder control.

Strain computation was done during one cardiac cycle instead of
three, because of limited recorded cine loops sent to our center
with the patients from the referring institutions’ echocardiography lab.

Postoperative transthoracic echocardiography and subsequent
strain analysis were done 46 3 days after surgery, leading to nonho-
mogenous intervals in LV function assessment. Moreover, we did not
examinemidterm results for LVEF and strain, whichmay hinder a bet-
ter understanding of LV functional recovery after MVr.

CONCLUSIONS

In patients with chronic severe degenerative MR, disproportionately
higher LV GLS signifies a maladaptive preload-related change that is
associated with substantial loss of LVEF (>10%) immediately after
MVr. Preoperative use of speckle-tracking echocardiography-derived
longitudinal strain may be potentially useful for optimal timing ofMVr
for degenerative MR.
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Table 5 Conventional LV echocardiographic and strain
parameters influencing LVEF change after MVr in patients
with chronic severe degenerative MR

Variable OR 95% CI P

LVEDD 1.0 0.66–1.73 .78
LVESD 1.1 0.63–1.92 .72

LVEDV 1.0 0.99–1.01 .42
LVESV 0.9 0.96–0.99 .009

SV 1.0 1.01–1.02 .001
RA pressure 0.8 0.77–0.94 .002

PA pressure* 0.9 0.95–1.02 .45
High EuroSCORE 0.2 0.03–0.93 .04

GLS 0.8 0.73–0.88 <.0001
GCS 0.9 0.92–1.02 .25

GRS 1.0 0.98–1.02 .83

EuroSCORE, EuropeanSystem for CardiacOperative Risk Evaluation;
GCS, global circumferential strain;GRS, global radial strain;OR, odds
ratio; PA, pulmonary artery; RA, right atrial; SV, stroke volume.
*PA pressure values were obtained by cardiac catheterization in 71

patients because of nonavailability of tricuspid regurgitation signal
(55%).

Table 6 Multivariate linear regression models for prediction
of LVEF reduction after MV reconstructive surgery

Variable R2 Adjusted R2 P

Model 1
RA pressure 0.08 0.07 .001

Model 2
RA pressure 0.13 0.12 <.001

LVESV
Model 3

RA pressure 0.24 0.23 <.001
LVESV

GLS

RA, Right atrial.
GLS significantly increased the predictive value of the model.

Table 7 Stepwise logistic regression model to identify
independent predictors of LVEF reduction > 10% after MVr

Variable c2

Univariate Analysis Multivariate Analysis

OR 95% CI P OR 95% CI P

RA pressure 10.9 0.86 0.7–0.9 .002 0.84 0.75–0.95 .004
LVESV 7.45 0.9 0.96–0.99 .009

GLS 25.7 0.8 0.7–0.9 <.0001 0.81 0.73–0.89 <.0001

OR, Odds ratio; RA, right atrial.

Figure 7 Composite receiver operating characteristic curve de-
picting the area under the curve and optimal cutoff value for
baseline GLS to predict LVEF reduction > 10% after MVr (red
solid line) and LVEF reduction > 10% with concomitant postop-
erative LVEF < 50% (blue solid line). See text for details.
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PREDIZ QUEDA DE FE >10% 
PO : -17,9%

Strain pior que -19,5%

DISCUSSION

In the current large study of asymptomatic patients
with $IIIþ chronic AR, iLVESD <2.5 cm/m2, and LVEF

>50%, we demonstrate that worsening LV-GLS was
associated independently with longer term mortality.
Due to potential deleterious impact on LV-GLS mea-
surements, we excluded patients as described in

FIGURE 5 Risk of Death, Based on LV-GLS in the Study Population as a Whole and in the Study Population Separated on the Basis of
Undergoing Aortic Valve Surgery Versus Not
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Pink: No aortic valve surgery
Yellow: Aortic valve surgery

To assess the possible nonlinear relationship between LV-GLS and risk of death, covariate predicted LV-GLS was modeled as a quadratic spline
with 5 knots at 10th, 25th, 50th, 75th, and 90th percentile values of LV-GLS. Based on the visual analysis of the curves in the whole study
population (A), patients with an LV-GLS of better than "19% had excellent 5-year survival. However, the risk of death continuously increased
as LV-GLS worsened beyond "19%. Upon the visual analysis of the curves in the study population, separated on the basis of aortic valve
surgery versus not (B), the risk of death continuously increased as LV-GLS worsened beyond "19% in the nonsurgical group (pink lines).
However, aortic valve surgery seems to blunt the impact of LV-GLS on the risk of 5-year death. Solid lines represent the 5-year parametric
estimates of instantaneous risk of death. Both solid lines are enclosed by a 68% confidence interval (dotted lines). LV-GLS ¼ left ventricular
global longitudinal strain.

FIGURE 6 Kaplan-Meier Survival Curves Separated Into 4 Subgroups: Surgery and LV-GLS Better Than Median, Surgery and LV-GLS
Worse Than Median, No Surgery and LV GLS Better Than Median, and No Surgery and LV-GLS Worse Than Median
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Using Kaplan-Meier curves, we demonstrate that in significant chronic aortic regurgitation, nonoperated patients with LV-GLS worse than
median had significantly worse survival compared with other subgroups. LV-GLS ¼ left ventricular global longitudinal strain.

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 1 , N O . 5 , 2 0 1 8 Alashi et al.
M A Y 2 0 1 8 : 6 7 3 – 8 2 LV Strain in Chronic Severe AR

679

REGURGITAÇÃO AÓRTICA

PREDITOR DE MENOR MORTALIDADE 
COM A CIRURGIA: -19,5%

724  Circ Cardiovasc Imaging  November 2012

study. However, resting strain measurement, which is a simple 
adjunct to the resting echocardiogram, may be a less expen-
sive means of understanding risk in AS patients.

GLS may be influenced by a variety of pathologies, includ-
ing myocardial ischemia and infarction, diabetes mellitus and 
hypertension. Although the role of strain is independent of 
valvular impedance, hypertension and diabetes mellitus were 
certainly prevalent in this population. However, this lack of spe-
cific cause does not limit the parameter as a functional marker 
of risk, irrespective of the cause of reduced strain. Finally, serial 
echocardiographic examinations were available in a limited 
number of patients, and the potential impact of the rate of pro-
gression could not be evaluated. An ongoing study would be 
needed to further investigate the effect of AVR on GLS.

Conclusion
The results of this study emphasize that both the state of the 

valve and the LV must be considered when assessing risk in 
asymptomatic patients. GLS is not only an independent predic-
tor of outcomes in patients with severe asymptomatic AS but also 
incremental to other clinical and echocardiographic variables.

Disclosures
None.
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FE 60% - podemos aguardar, correto??

STRAIN - APLICAÇÕES CLÍNICAS

VALVOPATIAS COM FE NORMAL ASSINTOMATICOS



Strain 2D Gl = -16,6%
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STRAIN - APLICAÇÕES CLÍNICAS

VALVOPATIAS COM FE NORMAL ASSINTOMATICOS



Chegada - PA: 230 x  150mmHg

Alteração de 20% entre exames sem alteração da função do 
VE, apenas de pós-carga

Exemplo: Paciente HAS grave (uso de 6 drogas anti-HAS)

Após Atensina+ Captopril = PA: 180x 120mmHg

Strain é dependente de pós-carga  
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Strain: -10%

GWI: 2232mmHg%

Strain: -12%


GWI: 1982mmHg%

ALÉM DO STRAIN: PORQUE AVALIAR O TRABALHO MIOCÁRDICO?



TRABALHO ≈ EFICIÊNCIA 

TRABALHO = Ø

Trabalho = Força x Distância

TRABALHO = 3000J

CONCEITO DE TRABALHO MIOCÁRDICO



❖ Medidas de função do VE, como a FE e o 
Strain 2D sofrem influência de pré e pós-carga


❖ O cálculo do trabalho miocárdico incorpora 
a pós-carga no cálculo


❖ Estudos de Suga et al1 (1979) demonstraram que a 
área sob a curva pressão-volume adquirida com um 
cateter de condutância intraventricular (invasivo) 
refletia o trabalho miocárdico regional e o consumo 
de oxigênio por batimento.

Boa medida de contratilidade e de gasto energético

1- Suga H. Total mechanical energy of a ventricle model and cardiac oxygen consumption. Am J Physiol. 1979
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bounded by the end-systolic and end-diastolic pressure- 
volume curves and the systolic pressure-volume trajec- 
tory. Finally, three studies on canine ventricular oxygen 
consumption were selected on the basis that they docu- 
mented adequate data on the pressure and volume during 
contractions. The reported data of cardiac oxygen co n- 
sumption were compared with the calculated amounts of 

energy of the model in a variety of loading the mechanical 
conditions. 

Time- varying elasticity. As the left ventricle contracts 
under normal circumstances, intraventricular pressure 
(P) increases from a low diastolic level (e.g., O-10 mmHg 
above atmospheric) to a high systolic level (70-150 
mmHg) while intraventricular volume (V) first remains 
unchanged during the isovolumic contraction phase and 
then decreases during the ejection phase, as shown in 
Fig. 1A. The pressure-volume (P-V) data point moves 
with time counterclockwise in the P-V plane and draws 
P-V trajectory ABC. Then, the P-V point descends along 
CD during the isovolumic relaxation phase and moves 
along DA during the filling phase. Systole is represented 
by trajectory ABC and diastole by trajectory CDA. 

The position and size of the P-V loop trajectory 
(ABCDA) in the P-V plane depend on ventricular loading 
conditions. Figure 1B displays three P-V loops for ex- 
ample: the middle loop (solid line) is obtained under 
normal loading conditions, the right one (dashed) with 
an increased arterial pressure, and the left one (dotted) 
with a decreased arterial pressure. The solid circles, one 

_ D 160 msec 

:. 40 

: 
: . 

Cc- ,-0 
u 0 “d 25 50 0 25 50 

VOLUME ml 
FIG. 1. A: pressure-volume (P-V) loop trajectory of a canine left 

ventricle. A P-V data point moves along ABC during systole and CDA 
during diastole in the direction of the arrow. B: three P-V loops under 
different loading conditions but a constant contractile state. Three solid 
circles are P-V data points at a specified time (100 ms) from onset of 
each contraction (open circles). Heavy line is the linear regression line 
for those lOO-ms data points. C: instantaneous P-V regression lines for 
40,80, 120, and 160 ms from onset of contraction. P-V curve for 0 ms is 
end-diastolic P-V curve. Vd is the volume axis intercept of the end- 
systolic (160 ms) regression line. All instantaneous P-V regression lines 
converge on or near Vd. D: instantaneous P-V zones for 40,80,120, and 
160 ms, which can approximate the real instantaneous P-V relationships 
better than the P-V lines in panel C. Width of zone is about 15% of 
corresponding pressure. 

on each loop, correspond to the P-V data points at a 
specified time (e.g., 100 ms) from the onset of the indi- 
vidual contractions marked by the open circles. It has 
been shown that P-V data points at a specified time in 
systole fall close to a rectilinear line with a positive slope 
(34). A very high correlation coefficient (r > 0.95) has 
been obtained for the instantaneous P-V relationship at 
multiple instants of time during systole. Such a linear 
relationship was demonstrated as long as the ventricular 
loading conditions were within physiological ranges. 

Figure 1C shows a representative family of the left 
ventricular instantaneous P-V relationship (regression) 
lines at 40-ms intervals in systole, together with an end- 
diastolic P-V relationship curve (dashed) (35). Each 
regression line was obtained experimentally from many 
P-V data points at a specified time in systole of both 
isovolumic and ejecting contractions in a given heart 
under a stable contractile state. These regression lines 
are known to converge closely on a relatively small 
positive value on the volume axis (5-10 ml in 60- to lOO- 
g left ventricles). To explain in the other way, the P-V 
regression line rotates counterclockwise during systole as 
indicated by the heavy arrow, the slope of the line 
increasing with time. At the end of systole (160 ms in 
this case), the slope of the line becomes steepest. Then, 
the regression line rotates backward (clockwise) with 
progress of relaxation process during diastole, though not 
shown in the figure. 

The findings described above means that the instan- 
taneous P-V relationship during systole is reasonably 
well approximated by the following empirical equation 
(35) 

p(t) = Wt)[W - vd] (0 

where E(t) represents the time-varying slope of the in- 
stantaneous P-V relationship lines, and Vd the volume- 
axis intercept of the end-systolic P-V regression line. 
Because this empirical equation provided the basis for a 
simple mechanical model of the left ventricle to be used, 
let me explain how well the equation can approximate 
the real ventricular P-V relationships. 

First, the standard deviation of instantaneous pressure 
data of isovolumic and ejecting contractions from any of 
the multiple individual P-V regression lines was less than 
10 mmHg (35). Second, the end-systolic pressure at a 
given volume was highest when the ventricle contracted 
isovolumically throughout and did decrease by up to 
about 15% as the ventricle contracted from greater end- 
diastolic volume, thus increasing stroke volume to 75% 
of the end-diastolic volume (34, 37). Studies from other 
laboratories also support this relative independence of 
the end-systolic P-V relationship from ventricular load- 
ing conditions (6, 40). Third, instantaneous pressure at a 
given volume was highest also in isovolumic contractions 
and did decrease by up to about 17% with increases in 
concomitant velocity of ejection to a relatively high level 
(33). Finally, the difference of the time courses of the 
time-varying slope of the instantaneous P-V line of iso- 
volumic contractions (35) and of normally ejecting con- 
tractions (36) was as small as about 10% even at the time 
of peak velocity of ejection. 

If all these details are included, the instantaneous P-V 
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Aims Left ventricular (LV) pressure–strain loop area reflects regional myocardial work and metabolic demand, but the clin-
ical use of this index is limited by the need for invasive pressure. In this study, we introduce a non-invasive method to
measure LV pressure–strain loop area.

Methods
and results

Left ventricular pressure was estimated by utilizing the profile of an empiric, normalized reference curve which was
adjusted according to the duration of LV isovolumic and ejection phases, as defined by timing of aortic and mitral
valve events by echocardiography. Absolute LV systolic pressure was set equal to arterial pressure measured inva-
sively in dogs (n ¼ 12) and non-invasively in patients (n ¼ 18). In six patients, myocardial glucose metabolism was
measured by positron emission tomography (PET). First, we studied anaesthetized dogs and observed an excellent
correlation (r ¼ 0.96) and a good agreement between estimated LV pressure–strain loop area and loop area by LV
micromanometer and sonomicrometry. Secondly, we validated the method in patients with various cardiac disorders,
including LV dyssynchrony, and confirmed an excellent correlation (r ¼ 0.99) and a good agreement between pres-
sure–strain loop areas using non-invasive and invasive LV pressure. Non-invasive pressure–strain loop area reflected
work when incorporating changes in local LV geometry (r ¼ 0.97) and showed a strong correlation with regional
myocardial glucose metabolism by PET (r ¼ 0.81).

Conclusions The novel non-invasive method for regional LV pressure–strain loop area corresponded well with invasive measure-
ments and with directly measured myocardial work and it reflected myocardial metabolism. This method for assess-
ment of regional work may be of clinical interest for several patients groups, including LV dyssynchrony and ischaemia.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Heart failure † Dyssynchrony † Cardiac resynchronization therapy

Introduction
Clinical assessment of left ventricular (LV) systolic function is com-
monly performed by measuring indices of myocardial fibre shorten-
ing such as LV ejection fraction which is a global index, and LV wall
thickening, myocardial velocity, and strain which reflect regional
function. The shortening indices, however, do not reflect myocardial
work or oxygen demand. As shown by Suga1 in an experimental
study, the area of the LV pressure–volume loop reflects stroke

work as well as myocardial oxygen consumption, and it was
later confirmed that this concept is valid clinically.2 According to
the same principle, the area of the myocardial force–segment
length loop reflects regional myocardial work and oxygen consump-
tion.3 Because calculation of myocardial force is challenging, pres-
sure is used as a substitute for force and the area of LV
pressure–dimension loop is used as an index of regional work.4–7

In the present study, we introduce a non-invasive method for LV
work analysis which is based upon an estimated LV pressure curve

* Corresponding author. Tel: +47 23070000/+47 23073271, Fax: +47 23073917, Email: osmiseth@ous-hf.no
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❖ Desenvolveram algoritmo em que a pressão do VE poderia ser estimada pela PA 
não-invasiva, através de curvas de referência normalizadas, utilizando dados como 
PA sistólica, PA diastólica e a marcação dos tempos de abertura e fechamento da 
valva mitral e aórtica (tempo de ejeção e de relaxamento isovolumétrico).the pressure traces (Figure 1A1 and B1). (ii) Each of the raw data traces

was stretched or compressed along the time axis between individual
valve events in order to make the valvular events coincide for all
recordings (Figure 1A2 and B2). (iii) All traces were scaled vertically
to have the same peak value. An averaged waveform was then calcu-
lated (black line in Figure 1A2 and B2).

Applying left ventricular pressure reference curve
to a specific subject
The reference curve was used for predicting LVP in a specific subject
by measuring the actual valvular timing and adjusting the duration of
time intervals of isovolumic contraction (IVC), ejection, and isovolumic
relaxation (IVR) phases by stretching or compressing the time axis of
the averaged LV pressure curve to match the measured time intervals
(Figure 1B3 and 4). Peak arterial pressure was used to scale the amp-
litude of the pressure curve. Separate reference curves were used
for dogs and patients. Note that data from all interventions in the
dog study were used and that data from all patient observations
were included in the calculation of the normalized LV pressure refer-
ence curve without considering their clinical status.

Data analysis: experimental study
Strain and pressure data were synchronized using onset R in electro-
cardiogram as a common time reference. Strain by STE was converted

to the same sampling rate as sonomicrometry (200 Hz) by bandlimited
sinc interpolation. Loop area was calculated by the following methods:

(i) Invasive method. The area of the LV pressure–strain loops by LVP
and STE.

(ii) Non-invasive method. The area of the LV pressure–strain loops by
the estimated LV pressure curve and STE.

Comparison between left ventricular pressure–strain
loop area and myocardial work
Left ventricular pressure–strain loop area as an index and myocardial
work does not take into account effects on work related to changes in
the radius of curvature or contribution from different fibre directions.
To determine the magnitude of this effect, we measured myocardial
work incorporating LV geometry (circumferential and longitudinal)
and area strain during LBBB (for methods described in detail, see Sup-
plementary material online, Appendix S1). To be able to compare the
two methods, we correlated work done by the septum divided by
work done by the lateral wall using the two methods. A comparison
between the septum and the lateral wall was made because during
LBBB, the septum does less work compared with the lateral wall.

Statistical analysis
Values are expressed as mean+ SD. Variables were compared using
least-squares linear regression, Pearson’s correlation coefficients, and
the Bland–Altman plots with calculations of limits of agreement. To

Figure 1 Estimation of left ventricular pressure curve. (A, 1) Raw left ventricular pressure data from dogs used for creating a profile of the
reference pressure waveform, consisting of pressure recordings under different haemodynamic situations. Timing of mitral and aortic valve
events is indicated. (A, 2) The raw pressure waveforms (grey curves) have been stretched or compressed along the time axis between individual
valve events in order to make the valvular events coincide for all recordings. The waveforms have also been vertically scaled to have the same
peak value. The averaged waveform to be used for predicting pressure traces is indicated by the black curve. (B, 1 and 2) Patient data: estimation
of average pressure waveform as described in (A, 1) and (A, 2). (B, 3) The averaged waveform with arbitrary time intervals, transferred from (B,
2). (B, 4) Prediction of the left ventricular pressure waveform is based on the timing of valvular event. The left ventricular pressure waveform is
constructed by adjusting the duration of time intervals to match the actual valvular timing as determined by echocardiography in the specific
subject. In addition to the time-axis adjustments, the waveform has been scaled according to systolic arterial cuff pressure.
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Aims Left ventricular (LV) pressure–strain loop area reflects regional myocardial work and metabolic demand, but the clin-
ical use of this index is limited by the need for invasive pressure. In this study, we introduce a non-invasive method to
measure LV pressure–strain loop area.

Methods
and results

Left ventricular pressure was estimated by utilizing the profile of an empiric, normalized reference curve which was
adjusted according to the duration of LV isovolumic and ejection phases, as defined by timing of aortic and mitral
valve events by echocardiography. Absolute LV systolic pressure was set equal to arterial pressure measured inva-
sively in dogs (n ¼ 12) and non-invasively in patients (n ¼ 18). In six patients, myocardial glucose metabolism was
measured by positron emission tomography (PET). First, we studied anaesthetized dogs and observed an excellent
correlation (r ¼ 0.96) and a good agreement between estimated LV pressure–strain loop area and loop area by LV
micromanometer and sonomicrometry. Secondly, we validated the method in patients with various cardiac disorders,
including LV dyssynchrony, and confirmed an excellent correlation (r ¼ 0.99) and a good agreement between pres-
sure–strain loop areas using non-invasive and invasive LV pressure. Non-invasive pressure–strain loop area reflected
work when incorporating changes in local LV geometry (r ¼ 0.97) and showed a strong correlation with regional
myocardial glucose metabolism by PET (r ¼ 0.81).

Conclusions The novel non-invasive method for regional LV pressure–strain loop area corresponded well with invasive measure-
ments and with directly measured myocardial work and it reflected myocardial metabolism. This method for assess-
ment of regional work may be of clinical interest for several patients groups, including LV dyssynchrony and ischaemia.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Heart failure † Dyssynchrony † Cardiac resynchronization therapy

Introduction
Clinical assessment of left ventricular (LV) systolic function is com-
monly performed by measuring indices of myocardial fibre shorten-
ing such as LV ejection fraction which is a global index, and LV wall
thickening, myocardial velocity, and strain which reflect regional
function. The shortening indices, however, do not reflect myocardial
work or oxygen demand. As shown by Suga1 in an experimental
study, the area of the LV pressure–volume loop reflects stroke

work as well as myocardial oxygen consumption, and it was
later confirmed that this concept is valid clinically.2 According to
the same principle, the area of the myocardial force–segment
length loop reflects regional myocardial work and oxygen consump-
tion.3 Because calculation of myocardial force is challenging, pres-
sure is used as a substitute for force and the area of LV
pressure–dimension loop is used as an index of regional work.4–7

In the present study, we introduce a non-invasive method for LV
work analysis which is based upon an estimated LV pressure curve

* Corresponding author. Tel: +47 23070000/+47 23073271, Fax: +47 23073917, Email: osmiseth@ous-hf.no
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Figure 3 (A) Correlation and agreement between area of the pressure–strain loops by estimated left ventricular pressure and speckle track-
ing echocardiography vs. measured left ventricular pressure and sonomicrometry. (B) Representative traces showing pressure–strain loops by
left ventricular pressure and sonomicrometry (black line) vs. estimated left ventricular pressure and echocardiography (red dotted line). Mea-
surements during baseline (left panel) and ischaemia (right panel). Sono, sonomicrometry; echo, speckle tracking echocardiography.

Figure 4 Correlation and agreement between area of the pressure–strain loops by estimated left ventricular pressure and speckle tracking
echocardiography (STE) vs. measured left ventricular pressure and STE. (A) Experimental data. (B) Clinical data. Note that the same strain data
are used for calculation by the two methods to show the isolated variation in loop area by using the non-invasive left ventricular pressure curve
vs. measured left ventricular pressure. RI, reference interval.
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Aims Cardiac resynchronization therapy (CRT) restores mechanical efficiency to the failing left ventricular (LV) by
resynchronization of contraction. Global, LV myocardial work efficiency (GLVMWE) can be quantified non-
invasively with echocardiography. The prognostic implication of GLVMWE remains unexplored, and we therefore
related GLVMWE before CRT to long-term prognosis.

...................................................................................................................................................................................................
Methods
and results

Data were analysed from an ongoing registry of patients with Class I indications for CRT. GLVMWE was defined
as the ratio of constructive work in all LV segments, divided by the sum of constructive and wasted work in all LV
segments, as a percentage. It was derived from speckle tracking strain echocardiography and non-invasive blood
pressure measurements, taken pre-CRT. Patients were dichotomized according to baseline, median GLVMWE
[75%; interquartile range (IQR) 66–81%]. A total of 153 patients (66 ± 10 years, 72% male, 48% ischaemic heart dis-
ease) were analysed. After a median follow-up of 57 months (IQR 28–76 months), 31% of patients died. CRT recip-
ients with less efficient baseline energetics (GLVMWE <75%) demonstrated lower event rates than patients with
more efficient baseline energetics (GLVMWE >_75%) (log-rank test, P = 0.029). On multivariable analysis, global LV
wasted work ratio <75% pre-CRT was independently associated with a decreased risk of all-cause mortality (haz-
ard ratio 0.48, 95% confidence interval 0.25–0.92; P = 0.027), suggesting that the potential for improvement in LV
efficiency is important for CRT benefit.

...................................................................................................................................................................................................
Conclusion GLVMWE can be derived non-invasively from speckle tracking strain echocardiography and non-invasive blood

pressure recordings. A lower GLVMWE before CRT is independently associated with improved long-term
outcome.

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

Keywords global • LV myocardial work efficiency • cardiac resynchronization therapy • prognosis • echocardiography

Introduction

Cardiac work refers to the amount of mechanical energy, which is
expended in the process of left ventricular (LV) contraction and re-
laxation.1 Electrical conduction disturbances strongly influence LV
work. In the presence of a left bundle branch block (LBBB), the inter-
ventricular septum is activated early and contracts before aortic valve
opening. The early contraction of the septum thereby stretches the
LV lateral wall before it has contracted, and when the lateral wall is

activated late, the interventricular septum is stretched, leading to inef-
ficient cardiac work (without LV ejection of blood or stroke vol-
ume).2 Cardiac resynchronization therapy (CRT), an effective
therapy in selected heart failure patients,3 restores mechanical effi-
ciency to the failing LV by resynchronization of contraction. The less
efficiently the LV operates at baseline, the greater the potential for
recovery of efficient LV work with CRT. Whether a greater reserve
of potentially recoverable global, LV myocardial work efficiency

* Corresponding author. Tel: þ31 (71) 526 2020; Fax: þ31 (71) 526 6809. E-mail: j.j.bax@lumc.nl
Published on behalf of the European Society of Cardiology. All rights reserved. VC The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.
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Cardiac work which is performed by an early-activated LV segment
on an opposing, late-activated LV segment (elongating the late-
activated segment during contraction of the early-activated segment),

does not contribute to the LV stroke volume, and leads to inefficient
LV function.2 This can be quantified by the GLVMWE, i.e. the ratio of
the constructive work in all LV segments, divided by the sum of con-
structive and wasted work in all LV segments, as a percentage

....................................................................................................................................................................................................................

Table 1 Baseline patient characteristics

Overall population (n 5 153) GLVMWE <75% (n 5 77) GLVMWE !75% (n 5 76) P-value

Age (years) 65.5 ± 10.2 64.0 ± 9.9 66.9 ± 10.3 0.081

Gender male, n (%) 110 (71.9) 48 (62.3) 62 (81.6) 0.008

Ischaemic aetiology, n (%) 74 (48.4) 33 (42.9) 41 (53.9) 0.170

Heart rhythm at baseline, n (%)

Sinus rhythm 139 (90.8) 72 (93.5) 67 (88.2) 0.400

Paced rhythm 14 (9.2) 5 (6.5) 9 (11.8) 0.251

NYHA functional class, n (%)

II 48 (31.4) 22 (26.8) 26 (34.2) 0.489

III 90 (58.8) 47 (61.0) 43 (56.6) 0.575

IV 15 (9.8) 8 (10.4) 7 (9.2) 0.806

6 MWT (min) 344.7 ± 114.7 371.3 ± 111.3 316.7 ± 112.4 0.011

QoL score 30.2 ± 19.4 27.8 ± 17.8 33.0 ± 20.9 0.135

Diabetes, n (%) 24 (15.7) 8 (10.4) 16 (21.1) 0.070

eGFR <60 mL/min/1.73 m2, n (%) 55 (35.9) 27 (38.0) 28 (40.0) 0.810

LVEF (%) 24.9 ± 6.9 22.4 ± 6.9 27.5 ± 5.8 <0.001

LVEDV (mL) 216.1 ± 78.5 232.3 ± 81.8 199.8 ± 71.8 0.010

LVESV (mL) 164.2 ± 67.2 182.2 ± 71.8 146.0 ± 57.1 <0.001

GLVMWE (%) 74.6 (IQR 66.2–81.4) 66.3 (IQR 61.1–70.6) 81.4 (IQR 77.5–85.3) <0.001a

Values are mean ± standard deviation, unless otherwise specified.
eGFR, estimated glomerular filtration rate; GLVMWE, global, left ventricular myocardial work efficiency; IQR, interquartile range; LV, left ventricular; LVEDV, left ventricular
end-diastolic volume; LVEF, left ventricular ejection fraction; LVESV, left ventricular end-systolic volume; 6 MWT, 6-min walk test; NYHA, New York Heart Association class;
QoL, quality of life.
aPer definition.

Figure 2 The Kaplan–Meier curves depicting time to cumulative survival in CRT recipients. Data are shown according to those with baseline,
GLVMWE <75% and >_75%. LV, left ventricular.
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A very robust correlation was found between the non-invasive LV
work and the regional, myocardial glucose metabolism (r = 0.81).4

Further evidence for the validity of the non-invasive estimation of LV
work has been provided in a murine model, which indicated a strong
correlation between myocardial work (non-invasively estimated with
magnetic resonance imaging) and the influx rate constant of 18-flu-
oro-deoxyglucose (as a marker of the rate of myocardial glucose me-
tabolism) on PET (r = 0.75).5 Since LV work can be reliably estimated
non-invasively, the GLVMWE can be calculated from wasted and
constructive LV work. This is achieved using echocardiography and
sphygmomanometric blood pressure recordings. Since electrical con-
duction disturbances—specifically LV dyssynchrony, influence the
GLVMWE, this technique can be applied to investigate the effects of
CRT on myocardial energetics.

GLVMWE before CRT: implications for
outcome
A lesser GLVMWE before CRT was independently associated with
better long-term outcome in our study. Abnormal LV activation due
to a LBBB leads to dyssynchronous LV contraction, which causes an
early-activated LV segment to stretch an opposing late-activated seg-
ment and vice versa, but does not contribute to stroke volume and
therefore leads to inefficient LV mechanics.2 Both the presence of an
LBBB and other baseline LV dyssynchrony measures, associate with
long-term outcome in CRT.3,13–16 Inclusion criteria for the current
study comprised Class I indications for CRT according to contem-
porary guidelines, i.e. including the presence of an LBBB.3 Despite se-
lection of CRT recipients on the basis of a pre-existing LBBB and
QRS >_130 ms, the degree of baseline, GLVMWE efficiency was inde-
pendently associated with long-term survival. This difference in out-
come between CRT recipients with a greater or lesser baseline,
GLVMWE can therefore not be attributed to the presence of LBBB-
induced dyssynchrony alone. Improvement of function following
CRT, will increase the amount of constructive work performed
by the LV. This so-called recruitment of contractile reserve in
CRT candidates has been demonstrated with dobutamine

stress-echocardiography, and it is associated with both the acute and
long-term remodelling response to CRT, as well as better event-free
survival.17–22

Since the GLVMWE is calculated from wasted and constructive LV
work, it will improve with recruitment of contractile reserve. It there-
fore seems likely that, in the current study, a difference in the con-
tractile reserve is reflected in the baseline GLVMWE, which is
subsequently recruited, thereby increasing the GLVMWE. Since the
activation of contractile reserve in LV segments after CRT is associ-
ated with better outcome, it is not surprising that the baseline,
GLVMWE also associates with outcome. The trend towards a higher
risk at very low values of GLVMWE seen on both the unadjusted and
adjusted spline curves (Figure 3), suggests that there may be a lower
limit of contractile reserve, below which the myocardial contractile
reserve is exhausted.

Furthermore, the incremental value of GLVMWE over global lon-
gitudinal strain (in addition to clinical risk factors) for survival, lends
additional support to the role of GLVMWE as a useful imaging par-
ameter in CRT.

Further studies, in larger populations, will be required to deter-
mine the value of measuring GLVMWE before CRT implantation, es-
pecially with regard to selection of CRT candidates and in predicting
long-term outcome. GLVMWE will be included as a parameter in the
EuroCRT study, which is designed to prospectively evaluate multimo-
dality imaging in the evaluation of various long-term outcome param-
eters of heart failure patients treated with CRT.22

Study limitations
This study is subject to the limitations of a retrospective, single-
centre study. Since the calculation of GLVMWE is dependent on
speckle tracking strain echocardiography, the results are not vendor-
independent.

Conclusions

GLVMWE can be derived non-invasively from speckle tracking
strain echocardiography data and sphygmomanometric blood
pressure recordings. A lower GLVMWE before CRT, is independ-
ently associated with better long-term outcome in heart failure
patients with a Class I indication for CRT, according to current
guidelines. Larger studies are required to confirm the usefulness
of non-invasive measurement of GLVMWE in predicting CRT re-
sponse, as well as in the prediction of long-term outcome after
CRT.
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Figure 4 Likelihood ratio test. Bars represent the incremental
value of GLS and global, left ventricular myocardial work efficiency
in addition to clinical risk factors (Model 1). GLS, global longitudinal
strain; MWE, myocardial work efficiency.
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79 pacientes com ICFEr
Seguidos com ECO - 6/6 meses (FU 2.6 ± 0.9a)

Tratados com Sacubitril + Valsartan

Chan et al were the first to describe MW parameters in
patients with dilated cardiomyopathy.13 They found a sig-
nificant decrease in CW and WE, and a rightward shift and
reduction of the LV-PSL area, despite the presence of a pre-
served cardiac output. These alterations are also evident in
our population, and underscore the fact that in patients with
severely impaired LV systolic function, LV stroke volume
can be maintained for a long time despite the alteration in
LV contractility because of the significant increase in LV
volumes.

Sacubitril/Valsartan induced a significant LV reverse
remodeling, and a modest, but significant improvement in
LV filling pressure, as witnessed by the progressive
decrease in the E/e’ ratio. A modest insignificant decrease
in PAPs was also observed during FU. This data might
seem in contrast with the improvement in filling pressure,
but can be explained by the fact that maximal tricuspid
regurgitation was measurable only in 35% and 51% of
patients at 6- and 12-month FU. The overall improvement

in patient’s hemodynamic is also underscored by the small,
but significant increase in systolic blood pressure observed
at 12-month FU.

Sacubitril/Valsartan led to a significant improvement of
CW which was already evident at 6-month FU, and to a
delayed improvement in WE which became evident at 12-
month FU with respect to baseline.

The improvement in CW can be attributed to the effect
of Sacubitril/Valsartan on both LV wall stress4 and myocar-
dial perfusion.14 The decrease in LV wall stress is con-
firmed in our population by the reduction in NTproBNP, a
biomarker which is directly related to wall stress,4,15 and by
the reduction in filling pressure, as supported by the pro-
gressive decrease of the E/e’ ratio and LV volumes at 6-
month FU.

Sacubitril/Valsartan has proven to increase myocardial
perfusion and reduce fibrosis in the infarct “border zone,”14

through the significant reduction of the profibrotic

Figure 3. Kaplan-Meier estimates of the time to major cardiac adverse

events displayed according to the presence of CW ≤910 mm Hg% or CW

>910 mm Hg% at baseline.CW = constructive work.

Table 3
Predictors of major adverse cardiac events at Cox regression analysis

Variable Univariable analysis Multivariable analysis

HR (95% CI) p Value HR (95% CI) p Value

Age (per year) 0.99 (0.95-1.04) 0.81

Coronary artery disease 1.07 (0.36-3.21) 0.89

Indexed left ventricular end-diastolic volume (per ml/m2*) 1.01 (1.00-1.03) 0.03

Indexed left ventricular end-diastolic volume (per ml/m2) 1.01 (1.00-1.03) 0.009 1.01 (0.99-1.02) 0.35
Left ventricular ejection fraction (per %) 0.91 (0.85-0.98) 0.01 1.02 (0.93-1.12) 0.71

Global longitudinal strain (per %)y 1.16 (1.00-1.35) 0.05

E/e’ 1.04 (0.98-1.11) 0.15
Myocardial constructive work (per mm Hg%) 0.99 (0.99-1.00) 0.002 0.99 (0.99-1.00) 0.04

Myocardial wasted work (per mm Hg%) 1.00 (0.99-1.01) 0.22

Myocardial work efficiency (per mm Hg%) 0.91 (0.86-0.96) 0.001 0.95 (0.88-1.02) 0.16

* This variable was not inserted in the multivariable model because showing significant collinearity with indexed left ventricular end-systolic volume.
yThis variable was not inserted in the multivariable model because showing significant collinearity with myocardial constructive work.

Figure 2. Receiving operator characteristic curve analysis of left ventricu-

lar constructive work (baseline value) for the prediction of major adverse

cardiac events.
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Prognostic Usefulness of Myocardial Work in Patients
With Heart Failure and Reduced Ejection Fraction

Treated by Sacubitril/Valsartan

Yanis Bouali, MD, Erwan Donal, MD, PhD, Alban Gallard, Cl!ement Laurin, MD, Arnaud Hubert, MD,
Auriane Bidaut, MD, Christophe Leclercq, MD, PhD, and Elena Galli, MD, PhD*

The noninvasive assessment of myocardial work (MW) by pressure-strain loops analysis
(PSL) is a relative new tool for the evaluation of myocardial performance. Sacubitril/Val-
sartan is a treatment for heart failure with reduced ejection fraction (HFrEF) which has a
spectacular effect on the reduction of cardiovascular events (major adverse cardiovascu-
lar events [MACEs]). This study aimed to evaluate the short- and medium-term effect of
Sacubitril/Valsartan treatment on MW parameters and the prognostic value of MW in
this specific group of patients. Seventy-nine patients with HFrEF (mean age: 66 § 12
years; LV ejection fraction: 28% § 9%) were prospectively included in the study and
treated with Sacubitril/Valsartan. Echocardiographic examination was performed at
baseline, and after 6- and 12-month of therapy with Sacubitril/Valsartan.
Sacubitril/Valsartan significantly increased myocardial constructive work (CW) (1023 §
449 vs 1424 § 484 mm Hg%, p <0.0001) and myocardial work efficiency (WE) [87 (78to
90) vs 90 (86 to 95), p <0.0001]. During FU (2.6 § 0.9 years), MACEs occurred in 13
(16%) patients. After correction for LV size, LV ejection fraction and WE, global myocar-
dial constructive work (CW) was the only predictor of MACEs [hazard ratio [HR] 0.99
(0.99 to 1.00), p = 0.04]. A CW <910 mm Hg identified patients at particularly increase
risk of MACEs [HR 11.09 (1.45 to 98.94), p = 0.002, log-rank test p <0.0001]. In conclu-
sion, in patients with HFrEF who receive a comprehensive background beta-blocker and
mineral-corticoid receptor antagonist therapy, Sacubitril/Valsartan induces a significant
improvement of myocardial CW and WE. In this population, the estimation of CW before
the initiation of Sacubitril/Valsartan allows the prediction of MACEs. © 2020 Elsevier
Inc. All rights reserved. (Am J Cardiol 2020;00:1−7)

Heart failure (HF) is a major public health problem due
to its high prevalence, major morbidity and mortality.1

Sacubitril/Valsartan, an inhibitor of the angiotensin recep-
tor-neprilysin,2 has demonstrated a 20% relative reduction
in cardiovascular death and a 16% relative risk reduction in
all-cause mortality, when compared with Enalapril. This
prognostic effect is associated with a striking improvement
in left ventricular (LV) function and reverse remodelling,3

which could be attributed to the afterload reduction induced
by this treatment.4

Compared with LV ejection fraction (LVEF) and global
longitudinal strain (GLS), which are largely affected by LV
afterload,5,6 the assessment of myocardial work (MW) by
pressure-strain loops analysis has the advantage to take into
account the effect of LV afterload on myocardial perfor-
mance.7,8 The aims of this study were to (1) evaluate the
short- and medium-term effect of Sacubitril/Valsartan treat-
ment on MW parameters in a prospective population of
patients with heart failure with reduced ejection fraction

(HFrEF); (2) to evaluate the prognostic impact of MW on
major adverse cardiovascular events (MACEs)

Methods

This is a prospective, observational, single-center study
conducted at the University Hospital of Rennes from
November 2015 to January 2018. Seventy-nine symptom-
atic patients with HFrEF and an indication to receive Sacu-
bitril/Valsartan according to current recommendations1

were prospectively and consecutively enrolled. Before the
introduction of Sacubitril/Valsartan, all patients were
receiving optimized medical therapy, which included ade-
quate titration of diuretics to reduce the signs of congestion
and achieve euvolemia. All patients were in sinus rhythm
and had a good acoustic window allowing the assessment
of MW. Patients with moderate or severe valvular heart dis-
ease were not included in the study. Clinical data, including
age, gender, New York Heart Association functional class,
systolic and diastolic blood pressure, medical therapy were
assessed for each patient before Sacubitril/Valsartan admin-
istration (baseline) and at 6- and 12-month follow-up (FU).
Coronary artery disease was defined as a history of myocar-
dial infarction or coronary revascularization, or angio-
graphic evidence of multiple-vessel disease or single-vessel
disease with ≥75% stenosis of the left main or proximal left
anterior descending artery. Transthoracic echocardiography

University of Rennes, CHU Rennes, Rennes, France. Manuscript
received January 23, 2020; revised manuscript received and accepted March

20, 2020.
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• The secondary endpoints were to correlate MW parameters 

with NT-proBNP and the accuracy of these parameters to 

detect LV systolic dysfunction using LVEF by 2D Simpson 

as reference.

Definitions of chronic Chagas 
cardiomyopathy

Electrocardiographic changes considered as defining of CCC 

were complete right bundle branch block (with or without left 

anterior fascicular block), second-degree or complete 

atrioventricular block, severe bradycardia (heart rate <40 bpm), 

sinus node dysfunction, primary T-wave abnormalities, inactive 

electrical zones, polymorphic premature ventricular complexes, 

non-sustained ventricular tachycardia, atrial fibrillation (AF), 

and left bundle branch block.

Patients were divided into progressive clinical stages using 

guidelines definitions (15), considering the presence of clinical 

(HF symptoms), electrocardiographic, and echocardiographic 

findings. We adapted and defined the LV ejection fraction (EF) 

threshold of 55% for LV systolic dysfunction (Figure 2), in 

summary: 

1) Stage A (indeterminate form): no structural cardiac disease 

(normal ECG and Echo)—asymptomatic

2) Stage B1, structural cardiac disease: altered ECG and/or 

regional wall motion abnormalities. Preserved global systolic 

ventricular function (normal EF). No HF symptoms

3) Stage B2, structural cardiac disease: altered ECG and/or 

regional wall motion abnormalities. Reduced global systolic 

ventricular function (EF < 55%). No HF symptoms

4) Stage C, structural cardiac disease: global systolic ventricular 

dysfunction, with previous or current symptoms of HF

5) Stage D, structural cardiac disease: LV dysfunction and 

refractory HF

This project conforms to standards currently applied by the 

Brazilian National Committee for Research Ethics (CAE No: 

47563415.9.0000.5272), and all subjects gave written informed 

consent before participation.

Echocardiography

All patients were submitted to a comprehensive Echo, using 

standard views, with the patient in the left lateral decubitus 

position, using a commercially available ultrasound machine 

(Vivid E95, GE HealthCare, Horten, Norway). Non-invasive 

systemic ABP was obtained in this same position for the 

calculation of myocardial work parameters (17). Conventional 

echocardiographic images and cine loops of all patients 

were obtained by a single experienced examiner using an 

M5Sc transducer. All the measurements necessary to 

evaluate chambers’ dimensions, LV and right ventricular (RV) 

systolic function, parameters for quantification of diastolic 

function, grading severity of valvular lesions, and estimation 

of pulmonary artery systolic pressure (PASP) were obtained 

and analyzed in accordance with previously published 

FIGURE 2 

Clinical stages of chronic cardiac Chagas disease. **Cardiac disease: electrocardiogram—alterations such as right bundle block, left anterior 

fascicular block, left bundle block, atrioventricular complete block. Echocardiogram—wall motion abnormalities, left ventricular (LV) aneurysm, LV 

global dysfunction.
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Chagas disease (CD) is a neglected chronic infectious disease and represents 

an important cause of morbidity and mortality in endemic areas of Latin 

America. Chronic Chagas cardiomyopathy (CCC) is the most severe 

manifestation of the disease and the leading cause of death in these 

patients. Myocardial deformation, measured by speckle-tracking 

echocardiography (STE), has been proven to detect subclinical disease and 

has prognostic value in CCC, but it is load dependent. We aimed to 

characterize myocardial work (MW) as new, less load-dependent, 

echocardiographic variables in patients with different clinical stages of 

CCC and to assess its correlation with left ventricular (LV) ejection fraction 

(EF) and accuracy to detect LV dysfunction, compared with routinely used 

parameters. Fifty consecutive patients with CD were included. Clinical 

assessment, NT-proBNP, and a comprehensive 2D echocardiogram were 

performed. Patients were divided into four groups, depending on disease 

stages: Stage A—indeterminate form (n = 9), defined as asymptomatic 

patients without abnormalities on physical examination, electrocardiogram, 

or echocardiography; Stage B1, chronic Chagas cardiomyopathy (CCC) 

with preserved ejection fraction (n = 18); Stage B2, CCC with left 

ventricular global dysfunction (LVEF <55%, n = 13); and Stage C, CCC with 

LVEF <55% and clinical heart failure (n = 10). Patients in Groups B2 and 

C had lower values of global work index (GWI), global constructive work 

(GCW), and global work efficiency (GWE) than those in patients in Groups 

A and B1 ( p < 0.001). Values of GWI, GCW, and GWE in Groups A and B1 

were normal compared with normative data. Among the studied 

parameters, GCW showed the strongest correlation with LVEF (r = 0.854), 

followed by GWI (r = 0.848) and global longitudinal strain (GLS) (r = 0.810), 

while moderate correlations were observed for GWE (r = 0.578) and NT- 

proBNP (r = 0.634). Pairwise comparisons of correlation coefficients using 

Steiger’s Z test revealed that GCW had a significantly stronger correlation 

with LVEF than NT-proBNP ( p < 0.001), but no significant difference was 

observed when compared with GLS or GWI ( p > 0.05). For the detection of 

LV global dysfunction as a categorical variable, defined as LVEF <55%, the 

best accuracy was observed for GCW (AUC = 0.976; 95% CI: 0.927–1.000; 

optimal cutoff 1,699 mmHg%), followed by GWI (AUC = 0.965; 95% CI: 

0.905–1.000; optimal cutoff 1,282 mmHg%) and GLS (AUC = 0.938; 95% 

CI: 0.856–0.994; optimal cutoff −15.5%). Comparisons between AUCs 
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patients. Myocardial deformation, measured by speckle-tracking 
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performed. Patients were divided into four groups, depending on disease 

stages: Stage A—indeterminate form (n = 9), defined as asymptomatic 

patients without abnormalities on physical examination, electrocardiogram, 

or echocardiography; Stage B1, chronic Chagas cardiomyopathy (CCC) 

with preserved ejection fraction (n = 18); Stage B2, CCC with left 

ventricular global dysfunction (LVEF <55%, n = 13); and Stage C, CCC with 

LVEF <55% and clinical heart failure (n = 10). Patients in Groups B2 and 

C had lower values of global work index (GWI), global constructive work 

(GCW), and global work efficiency (GWE) than those in patients in Groups 

A and B1 ( p < 0.001). Values of GWI, GCW, and GWE in Groups A and B1 

were normal compared with normative data. Among the studied 

parameters, GCW showed the strongest correlation with LVEF (r = 0.854), 

followed by GWI (r = 0.848) and global longitudinal strain (GLS) (r = 0.810), 

while moderate correlations were observed for GWE (r = 0.578) and NT- 

proBNP (r = 0.634). Pairwise comparisons of correlation coefficients using 

Steiger’s Z test revealed that GCW had a significantly stronger correlation 

with LVEF than NT-proBNP ( p < 0.001), but no significant difference was 

observed when compared with GLS or GWI ( p > 0.05). For the detection of 

LV global dysfunction as a categorical variable, defined as LVEF <55%, the 

best accuracy was observed for GCW (AUC = 0.976; 95% CI: 0.927–1.000; 

optimal cutoff 1,699 mmHg%), followed by GWI (AUC = 0.965; 95% CI: 

0.905–1.000; optimal cutoff 1,282 mmHg%) and GLS (AUC = 0.938; 95% 

CI: 0.856–0.994; optimal cutoff −15.5%). Comparisons between AUCs 
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demographic factors (male sex), HF symptoms (NYHA II–III), 

incidence of arrhythmias, cardiomegaly on chest x-ray, low 

voltage on ECG, and regional wall motion or LV dysfunction on 

TTE. All these echocardiographic parameters “classically” used 

are subjective, less sensitive, and potentially inaccurate, opening 

a great window for new echocardiographic quantitative 

parameters, as 2D strain-derived parameters or LV MW indices. 

GLS is correlated to myocardial fibrosis, determined non- 

invasively by late gadolinium enhancement on cardiac magnetic 

resonance (CMR) (23). Although some studies have shown the 

value of GLS (4), radial and circumferential strain (5) for 

predicting progression from indeterminate form to CCC, it is 

still a matter of intense debate, and new parameters are needed 

to understand the clinical progression of disease and prognostic 

assessment of these patients. Gomes et al. (23), studying 

indeterminate CD (Stage A) patients, showed lower longitudinal, 

circumferential, and radial strain values in patients with fibrosis 

detected on CMR, when compared with patients without 

fibrosis, despite similar EF, showing more accuracy of STE for 

detecting subclinical disease. Hotta et al. (24) showed that not 

only 2D LV GLS but also RV GLS, 3D LV GLS, 2D LV global 

circumferential strain, and 3D LV area strain were strong 

predictors of 60-month outcomes (hospitalization for HF, 

complex ventricular arrhythmias, heart transplant, and all-cause 

death) in patients with CD. Analysis of myocardial work, with 

integration of non-invasive ABP to GLS, creating a strain– 

pressure loop, provides less load-dependent data, which may 

allow us to obtain more accurate and reliable measurements. For 

instance, studies have shown a good correlation of MW to 

myocardial fibrosis in ischemic heart disease (25) and 

hypertrophic cardiomyopathy (26). A study by Hedwig et al. 

(27) found a strong correlation between GWI and NT-proBNP, 

TABLE 4 Correlation of parameters with ejection fraction by biplane 
Simpson.

Parameter R p-value

GWI 0.848 p < 0.001

GCW 0.854 p < 0.001

GWW −0.155 p = 0.459

GWE 0.578 p < 0.001

GLS −0.810 p < 0.001

MAPSE lateral 0.596 p < 0.001

MAPSE septal 0.481 p < 0.001

NT-proBNP −0.634 p < 0.001

Statistical significance: p < 0.005.

GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; 

GWW, global wasted work; GWE, global work efficiency; MAPSE, mitral annular plane 

systolic excursion; NT-proBNP, N-terminal pro-B-type natriuretic peptide.

FIGURE 4 

Correlation of echocardiographic parameters and left ventricular ejection fraction (LVEF) measured by biplanar Simpson. GCW, global constructive 

work; GWI, global work index; GWE, global work efficiency; GWW, global wasted work; GLS, global longitudinal strain.

Felix et al.                                                                                                                                                               10.3389/fcvm.2025.1688931 

Frontiers in Cardiovascular Medicine 09 frontiersin.org

Felix ADS, et al. Myocardial work in Chagas disease: comparative analysis with conventional 
parameters in different cardiac clinical stages. Front Cardiovasc Med. 2025 Nov 3;12

*
*

*

*
*

*
*

**

*Coeficiente de Correlação de Pearson

**Coeficiente de Correlação de Spearman Teste comparação entre correlações - Steiger’s Z test: demonstrou melhor 

correlação de GCW com FE do que NT-ProBNP e MAPSE

MYOCARDIAL  WORK - ESTUDOS CLÍNICOS



cardiopulmonary exercise test, and LVEF, well-known markers of 

prognosis in patients with HF. Wang et al. (28) followed a cohort 

of 508 HF patients with EF <40% during 1 year and showed the 

independent prognostic value of GWI for the prediction of HF 

hospitalizations and all-cause mortality. Patients with GWI 

<750 mmHg% had a higher risk of all-cause death and HF 

hospitalization (HR: 3.33, 95% CI: 2.31–4.80) than patients with 

GWI >750 mmHg%.

In our study, GLS, GWI, GCW, and GWE were similar across 

Groups A and B1, with values within normal ranges, according to 

published reference data (29–31). GLS, GWI, and GCW were 

progressively reduced in Stage B2 and C groups, showing the loss 

of myocardial contractility and work in patients with LV global 

dysfunction and overt heart failure. GWI and GCW are 

independent predictors of outcome in patients with advanced heart 

failure (27) (death, LV assist device, and heart transplantation) and 

may be promising markers of disease progression in patients with 

CCC. GWE values were not different between Groups B2 and C 

(p = 0.964), although they were significantly reduced in both 

groups when compared with Groups A and B1. There was no 

significant difference in GWW between all groups, which could be 

explained by progressive loss of overall myocardial work (GWI) in 

patients with progressive cardiac disease, with less amount of work 

to be lost in an ineffective strain–pressure loop.

Correlation of parameters with LVEF

In our study, GCW was the best parameter in correlation with 

LVEF (r = 0.854), followed by GWI (r = 0.848) and GLS 

FIGURE 5 

Receiver operating characteristic (ROC) curves for GCW, GWI, GWE, GWW, and GLS in detecting left ventricular dysfunction defined as LVEF <55%.

TABLE 5 Reproducibility analysis for retest measurements of myocardial 
work parameters.

Reproducibility analysis ICC CI (95%)

GWI intra-observer 0.965 0.928–0.990

GWI inter-observer 0.978 0.924–0.992

GCW intra-observer 0.981 0.948–0.993

GCW inter-observer 0.977 0.925–0.989

GWE intra-observer 0.966 0.933–0.986

GWE inter-observer 0.965 0.921–0.984

GWW intra-observer 0.961 0.930–0.985

GWW inter-observer 0.960 0.928–0.987

GWI, global work index; GCW, global constructive work; GWE, global work efficiency; 

GWW, global wasted work; ICC, intra-class correlation coefficient; CI, confidence interval.
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MENSAGENS FINAIS

- Fração de ejeção de VE normal não significa função do VE normal.


- O strain tem importante papel na detecção precoce e subclínica de 

miocardiopatias


- O strain longitudinal do VE bem estabelecida a indicação de uso em 

Cardiooncologia, já incorporado às diretrizes.


- Importante "redflag" para suspeição e diagnóstico de amiloidose 

cardíaca.


- O Myocardial work é técnica promissora, com potenciais aplicações 

clínicas necessitando de maiores estudos para ser incorporada à rotina.
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