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Background: Heart failure with preserved ejection fraction (HFpEF) is a highly prevalent progressive 
disease accompanied by poor quality of life, high utilization of medical resources, morbidity, and mortality. 
However, the role of left ventricular (LV) systolic dysfunction has yet to be well elaborated despite the 
preservation of the LV ejection fraction. This study aimed to explore the diagnostic value of speckle-tracking 
stratified strain combined with myocardial work (MW) measurement in evaluating LV systolic dysfunction in 
patients with HFpEF.
Methods: A total of 125 study consecutive individuals, 64 HFpEF patients, and 61 controls were 
prospectively enrolled in the Fourth Affiliated Hospital of Harbin Medical University. In addition to the 
conventional echocardiographic parameters, LV stratified strain and MW parameters were statistically 
compared between the HFpEF and control groups. The global longitudinal strain (GLS) of the 
subendocardium, myocardium, and subepicardium (GLSendo, GLSmyo, and GLSepi); the transmural 
gradient (ΔGLS); the global myocardial work index (GWI), global myocardial work efficiency (GWE), global 
myocardial constructive work (GCW), and the global myocardial wasted work (GWW) were included. Area 
under the receiver operating characteristic curve analysis was used to evaluate the diagnostic performance of 
these univariate and multivariable logistic models in detecting impaired LV systolic function in HFpEF. Ten-
fold cross-validation was used to evaluate the generalizability of the predictive model.
Results: Stratified strains values showed a gradient decline from GLSendo to GLSepi in both control and 
HFpEF patients. Compared with the control group, HFpEF patients had a significantly reduced GLSepi, 
GLSmyo, GLSendo, ΔGLS, GWI, GWE, and GCW and a significantly increased GWW (all P<0.001). In 
the derivation set, the optimal logistic model (combined stratified strain and MW variables) demonstrated 
the highest performance in predicting LV systolic function impairment in HFpEF patients. The best-
performing model with a mean area under the curve (AUC) of 0.966 [95% confidence interval (CI): 0.88 to 
1] accessed by 10-fold cross-validation. In the validation set, the AUC of the optimal logistic model was 0.933 
(95% CI: 0.85 to 1), the sensitivity was 87%, and the specificity was 93%.
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Introduction

Heart failure with preserved ejection fraction (HFpEF) 
is a clinical syndrome characterized by elevated left 
ventricular (LV) filling pressure at rest or during exercise, 
typical symptoms and signs of heart failure, a “preserved” 
left ventricular ejection fraction (LVEF) of ≥50%, and LV 
diastolic dysfunction (1). Significant morbidity, an increased 
risk of hospitalization, short- and long-term mortality, and 
burdensome medical expenses make the high and rising 
prevalence of HFpEF a concerning public health issue (2-4). 
In contrast to heart failure with reduced ejection fraction, 
HFpEF has no effective targeted treatment due to its 
complex phenotype and heterogeneous pathophysiology (5).  
Although LV diastolic dysfunction is recognized as the core 
of the pathophysiology of HFpEF (6), previous studies 
have shown that abnormal LV systolic function is also part 
of the mechanism (7-10). LV systolic dysfunction refers to 
impaired pump function of the heart. LVEF is an indicator 
to evaluate LV systolic function, and LVEF <50% is defined 
as LV systolic dysfunction (1,11). Whether LV systolic 
function is in the normal range will affect decisions about 
clinical treatment (5). Early assessment of LV contractile 
performance in HFpEF patients may provide help for early 
clinical intervention and prevention of disease progression.

Early studies have used tissue Doppler and speckle-
tracking imaging to measure LV systolic function in patients 
with HFpEF, mainly longitudinal systolic dysfunction 
(9,12). The LV myocardium has been analysed as a whole 
using both techniques. Nevertheless, the myocardial 
structure is heterogeneous (13,14), and the myocardial 
deformation parameters based on the overall wall thickness 
may reflect the average value of myocardial deformation 
across layers. Stratified strain and myocardial work (MW) 
measurement are novel ultrasound techniques derived from 
two-dimensional speckle-tracking imaging. The layer-

specific strain technique can automatically divide the LV 
myocardium into subendocardial, mid-myocardial, and 
subepicardial layers, which can quantitatively, objectively, 
and accurately reflect myocardial mechanics (15). However, 
the stratified strain technique also has limitations inherent 
to speckle-tracking echocardiography, such as load 
dependence, when the LV afterload rises as the longitudinal 
strain declines (16), affecting the diagnostic accuracy with 
which myocardial function can be evaluated.

Suga et al. (17) demonstrated that an invasive LV 
pressure strain ring could reflect MW and oxygen 
consumption. Russell et al. (18) created a non-invasive left 
ventricular pressure strain loop (LVPSL) technique. Based 
on the assumption that the peak LV systolic pressure in 
echocardiographic study was equal to systolic blood pressure 
(SBP) measured by a cuff manometer, a patient-specific LV 
pressure curve was constructed by adjusting the standard LV 
pressure curve to the duration of the isovolumic and ejection 
periods defined by the time of valve events, and using strain 
parameters on two-dimensional speckle tracking imaging 
to represent myocardial displacement. Noninvasive and 
invasive LVPSL showed good correlation and consistency 
in dogs and patients with multiple cardiovascular diseases 
(r=0.96 and 0.99, respectively) (19-21). Several studies 
have demonstrated that MW parameters are significantly 
correlated with LVEF and global longitudinal strain (GLS), 
and the MW technique has emerged as a novel method to 
evaluate LV systolic function (19-21). Nevertheless, there 
have been few reports on applying LVPSL to evaluate LV 
systolic function and MW in HFpEF patients.

Herein, we applied stratified strain and MW techniques 
to evaluate LV systolic function and MW in patients with 
HFpEF and explored the diagnostic efficacy of parameters 
for HFpEF. This study hypothesized that patients with 
HFpEF had LV systolic dysfunction and that combining 
the two techniques could improve the diagnosis of HFpEF, 

Conclusions: Both speck-tracking stratified strain and MW measurement may sensitively detect 
impairment of LV myocardial function at an early stage for patients with HFpEF. Combining the two 
techniques may improve the quality of HFpEF diagnosis and may provide a reference value for the early 
diagnosis of HFpEF in the future.
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which would have certain prospects for clinical application. 
We present this article in accordance with the STARD 
reporting checklist (available at https://qims.amegroups.
com/article/view/10.21037/qims-23-1143/rc).

Methods

Study population 

This is a prospective study. A total of 89 potentially eligible 
participants were identified based on signs and symptoms 
of heart failure (e.g., dyspnea, fatigue, exercise intolerance, 
and peripheral edema) as well as echocardiographic 
findings, but 11 patients were excluded because the brain 
natriuretic peptide (BNP) levels were not elevated, and 
six patients did not complete informed consent. Of the 72 
eligible participants enrolled in the study, acute coronary 
syndrome (four patients), hypertrophic cardiomyopathy 
(three patients), significant valvular heart disease (three 
patients), severe arrhythmia (three patients), primary lung 
disease (three patients), and poor ultrasound window (seven 
patients) were excluded.

A total of 49 consecutive patients with de novo primitive 
HFpEF between 50 and 82 years of age (67.39±7.69 years)  
were prospectively admitted to the Fourth Affiliated 
Hospital of Harbin Medical University from December 
2019 to May 2021. HFpEF was diagnosed by typical 
symptoms or signs of heart failure (e.g., dyspnea, fatigue, 
exercise intolerance, and peripheral edema), “preserved” 
LVEF (≥50%), increased BNP [BNP >35 ng/L or 
N-terminal proBNP (NT-proBNP) >125 ng/L], and 
objective evidence of elevated LV filling pressure at rest 
and/or with exercise as defined by the following: (I) cardiac 
structural alterations: left atrial enlargement and/or LV 
hypertrophy; (II) diastolic dysfunction: the ratio of early 
mitral inflow velocity to mitral annular early diastolic 
velocity (E/e') ≥13 and a mean e' of the septal and lateral 
wall <9 cm/s; and (III) invasively measured pulmonary 
capillary wedge pressure at rest >15 mmHg and/or with 
supine ergometry exercise ≥25 mmHg (1). The exclusion 
criteria were as follows: (I) haemodynamic instability such 
as acute coronary syndrome or shock; (II) severe congenital 
or valvular heart disease or pericardial disease; (III) invasive, 
restrictive or hypertrophic cardiomyopathy; (IV) severe 

arrhythmia; (V) primary lung, liver or kidney disease; and 
(VI) suboptimal acoustic image quality unsuitable for strain 
and MW analysis. The patient screening flow chart is 
shown in Figure 1. 

Gender- and age-matched 46 volunteers who visited 
the physical examination center, including 26 males and 
20 females aged 41 to 79 (64.89±9.17) years, with normal 
echocardiography results, physical examinations, and 
biochemical indicators, were registered as controls during 
the same period.

The above 95 subjects (49 HFpEF patients and  
46 controls) were used as the derivation set to develop 
and construct a model to identify HFpEF patients with 
LV systolic dysfunction. From May 2021 to August 2021, 
according to the same inclusion and exclusion criteria, 
30 additional participants (15 HFpEF patients and  
15 controls) were included as an external validation set to 
verify the model’s performance. The study was conducted in 
accordance with the Declaration of Helsinki (as revised in 
2013). The study was approved by the Ethics Committee of 
the Fourth Affiliated Hospital of Harbin Medical University 
(No. 2020-ZWLLSC-02) and informed consent was taken 
from all individual participants.

General  characterist ics,  including gender,  age, 
height, weight, heart rate, blood pressure, NT-proBNP, 
baseline diseases (hypertension, coronary heart disease, 
diabetes, etc.), and New York Heart Association (NYHA) 
classification (22) were collected in all subjects. Body mass 
index (BMI) was calculated.

Conventional echocardiography

All participants underwent comprehensive transthoracic 
echocardiography (Vivid E95, GE) with a M5S 1.7–3.3 MHz  
phased-array transducer by experienced ultrasound 
physicians immediately on admission. Two-dimensional 
echocardiography and Doppler echocardiography were used 
to measure left atrial diameter (LAd), interventricular septal 
thick ness in diastole (IVSd), left ventricular posterior wall 
thickness in diastole (LVPWd), left ventricular end-diastolic 
diameter (LVEDd), the ratio of mitral valve peak early to 
late diastolic filling velocity (E/A), and the average E/e'. 
The left ventricular mass (LVM) was calculated as follows:

( ) ( ) ( ) ( ) ( ){ }3 3
0.8 1.04 0.6LVM g IVSd cm LVEDd cm LVPWd cm LVEDd cm= × × + + − +        [1]

https://qims.amegroups.com/article/view/10.21037/qims-23-1143/rc
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The body surface area (BSA) was calculated by the 
following formula:

( ) ( ) ( )2 0.0061 0.0128 0.1529BSA m Height cm Weight kg= × + × −  [2]

The left ventricular mass index (LVMI) was obtained 
using the following formula: 

( ) ( ) ( )2 2/LVMI g m LVM g BSA m= ÷  [3]

Relative wall thickness (RWT) was calculated according 
to the following formula:

( ) ( )2RWT LVPWd cm LVEDd cm= ÷  [4]

LV end-diastolic volume (EDV), LV end-systolic volume 
(ESV), and LVEF were measured by the biplane Simpson’s 
method.

Speckle-tracking stratified strain echocardiography

Two-dimensional dynamic images of apical four-, two- 
and three-chamber views were collected continuously for 
three cardiac cycles with consistent heart rates at frame 
rates between 50 and 80 frames/s. All images were stored in 

Digital Imaging and Communication in Medicine format 
and imported into the Echo PAC version 203 workstation 
for offline analysis. Q analysis mode and 2D strain were 
selected, manually delineating the endocardial boundary 
of each section at end-diastolic and adjusting the region of 
interest to cover the entire myocardium. According to the 
electrocardiogram, the system automatically selected the 
aortic valve closing time point. It automatically generated 
the subendocardial, mid-myocardial, and subepicardial GLS 
of 17 LV segments and a bull’s eye plot. The transmural 
gradient difference in GLS (ΔGLS = GLSendo − GLSepi) 
was calculated.

MW analysis

“Myocardial Work” was clicked in the “BE Layers” interface 
of the offline analysis software. The opening and closing 
times of the aortic and mitral valves were determined by 
the apical three-chamber view. The brachial systolic and 
diastolic blood pressure were input, and “Advanced” was 
selected. MW parameters were subsequently computed by 
the differentiation of the strain values over time multiplied 
by the instantaneous LV pressure. The system automatically 
obtained the following MW parameters: 

Potentially eligible participants
with HFpEF diagnosed (n=89)

Eligible participants with
HFpEF diagnosed (n=72)

Exclusion:
• Patient did not complete the informed 

consent process (n=6)
• BNP ≤35 ng/L or NT-proBNP ≤125 ng/L 

(n=11)

Inclusion in the external validation set (n=15)

Exclusion:
• Severe arrhythmia (n=3)
• Primary lung disease (n=3)
• Poor ultrasound window (n=7)
• Acute coronary syndrome (n=4)
• Hypertrophic cardiomyopathy (n=3)
• Significant valvular heart disease (n=3)

Inclusion in the derivation set (n=49)

Final inclusion in the study (n=64)

Figure 1 Patient screening flow diagram. HFpEF, heart failure with preserved ejection fraction; BNP, brain natriuretic peptide; NT-
proBNP, N-terminal proBNP.
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	 LVPSL: the relationship between pressure and 
strain in the LV considering the afterload.

	 Global myocardial work index (GWI): the total 
work from mitral valve closure to opening, which is 
equal to the area of LVPSL.

	 Global myocardial constructive work (GCW): 
the work promoting LV ejection shortening of 
cardiomyocytes during systole and elongation in 
the isovolumic relaxation phase.

	 Global myocardial wasted work (GWW): the 
work preventing LV ejection stretching of 
cardiomyocytes during systole and shortening 
during the isovolumic relaxation phase.

	 Global myocardial work efficiency (GWE): GCW 
divided by the sum of GCW and GWW.

All parameters were averaged over three measurements.

Statistical analysis

SPSS version 26.0 was applied for the Student’s t-test, 
Mann-Whitney U test, Chi-squared test, and Fisher exact 
probability method. Continuous variables for normally 
distributed data were expressed as the mean ± standard 
deviation, and Student’s t-test was used for comparisons 
between groups. Continuous variables for non-normally 
distributed data were reported as M (P25 – P75), and the 
Mann-Whitney U test was used. Categorical variables were 
represented as frequency counts and percentages using chi-
square tests or Fisher’s exact tests for comparison.

For the binary classification question, this study applied 
R software to construct logistic regression model. The 
logistic regression was calculated as follows:

( )

[ ]

( )

1 2

0 1 1 2 2

1 , ,

1
1 exp

1
1 exp

m

m m

P P Y X X X

Z

X X Xβ β β β

= =

=
+ −

=
+ − + + + +  





 [5]

Variable Y is a binary variable with the value (0,1), where 
1 represents the positive result and 0 represents the negative 
result. And there are m independent variables 1 2, , mX X X .  

( )1 21 , , mP P Y X X X= =   represents the probability of a 
positive result under the action of m independent variables. 
Z represents the linear relationship of these m independent 
variables.

The univariate logistic regression model (ULRM) was 
used to evaluate the diagnostic performance of single 

technical parameters. When constructing the multivariate 
logistic regression model (MLRM), we used the principal 
component analysis method to reduce the influence of 
the collinearity of some parameters (Tables S1,S2). We 
transformed the original data into a set of variables that 
were not correlated with each other. Then, we used the 
converted data to construct MLRM. In the process of 
building the model, a 10-fold cross-validation method was 
performed. Data from the model building were divided 
into ten equally-sized subsets. Each subset was utilized as a 
training set, while the remaining subsets were employed as 
a test set. The reported values were obtained by averaging 
the results of 10-fold cross-validation, which was conducted 
to avoid overestimating the incremental values. External 
data verification was implemented to mitigate overfitting 
and enhance robustness.

The train function and “glm” method in the Caret 
package were used to construct the logistic regression 
model (23). Area under the curve (AUC), sensitivity, and 
specificity (pROC package, version 1.13.0) were used to 
assess the diagnostic performance of each model (24). The 
above statistical analyses were conducted using R version 
4.2.2. All tests were two-sided, and P<0.05 was considered 
statistically significant.

Reproducibility

Fifteen patients were randomly selected, and layer-
specific strain and MW parameters were measured by two 
experienced ultrasound physicians blinded to the patients’ 
clinical data and each other’s results. Intra-observer 
concordance was acquired by having the same observer 
evaluate the same echocardiographic images at intervals of  
2 weeks. Inter-observer concordance was evaluated by 
having another independent observer repeat the analysis of 
the same images.

Results

Characteristics of the study population

A total of 49 patients with HFpEF (including 33 patients 
with hypertension, 27 patients with coronary heart 
disease, 14 patients with diabetes, and nine patients with 
paroxysmal atrial fibrillation) were included in our study. 
The baseline clinical characteristics of the overall subjects 
are summarized in Table 1. Compared to the control group, 
the HFpEF group had significantly increased weight, BMI, 

https://cdn.amegroups.cn/static/public/QIMS-23-1143-Supplementary.pdf
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SBP, diastolic blood pressure, and NT-proBNP. There were 
no significant differences in gender, age, height, or heart 
rate between the two groups (P>0.05).

Comparison of parameters of conventional 
echocardiography

Compared with the control subjects, the HFpEF group had 
significantly increased LAd, IVSd, LVPWd, RWT, LVMI, 
and average E/e' as well as significantly decreased E/A 
(P<0.05). No statistically significant difference in LVEDd, 
EDV, ESV, or LVEF was observed between the two groups, 
as shown in Table 2.

Comparison of stratified strain and MW parameters

Transmural gradients of GLSendo, GLSmyo, and GLSepi, 
decreasing from the endocardium to the epicardium, existed 

in both the HFpEF group and the control group; patients 
with HFpEF had significantly lower GLSendo, GLSmyo, 
GLSepi, ΔGLS, GWI, GWE, and GCW as well as 
markedly higher GWW than controls (P<0.05), as reported 
in Table 3 and Figure 2.

Performance of machine learning algorithms

We conducted univariate and multivariate logistic 
regression analyses on four stratified strain variables and 
four MW variables to explore their diagnostic performance 
for HFpEF. The MLRM based on layer-specific strain 
parameters had a mean AUC of 0.906 (95% CI: 0.76 to 1), 
achieving better diagnostic performance than any ULRMs. 
Among the ULRMs of layer-specific strain parameters, 
ΔGLS had the largest AUC, at 0.891 (Table S3). When 
MW parameters were input into the MLRM, the overall 
diagnostic performance of the model was lower than that of 

Table 1 Baseline characteristics of the derivation set

Variable HFpEF group (n=49) Control group (n=46) P value

Age (years) 67.39±7.69 64.89±9.17 0.15

Female gender 28 [57] 20 [43] 0.18

Height (cm) 165.82±6.97 166.89±5.35 0.40

Weight (kg) 66.08±10.23 61.33±10.79 0.03

BMI (kg/m2) 24.03±3.53 21.87±2.52 0.001

HR (beats/min) 75.57±7.20 72.61±9.99 0.10

SBP (mmHg) 142.00 [124–146] 128 [121–132] <0.001

DBP (mmHg) 87.50 [74–94] 77.00 [73–84] 0.001

NT-proBNP (pg/mL) 664.50 [425–1,148] 63.50 [43–83] <0.001

NYHA

II 21 [43] – –

III 23 [47] – –

IV 5 [10] – –

Comorbidity

Hypertension 33 [67] – –

Coronary artery disease 27 [55] – –

Diabetes mellitus 14 [29] – –

Paroxysmal atrial fibrillation 9 [18] – –

Data are expressed as the n [%], mean ± SD, or M [P25–P75]. 1 mmHg =0.133 kPa. HFpEF, heart failure with preserved ejection fraction; 
BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; NT-proBNP, N-terminal-pro-brain 
natriuretic peptide; NYHA, New York Heart Association; BP, blood pressure.

https://cdn.amegroups.cn/static/public/QIMS-23-1143-Supplementary.pdf
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the stratified strain model, with a mean AUC of 0.883 (95% 
CI: 0.85 to 0.97). The ULRMs of MW parameters revealed 
that GWE had the largest AUC, at 0.882 (Table S3).

Due to the collinearity of some variables, we performed 
a principal component analysis on 8 variables. The top four 
independent principal components (PC1, PC2, PC3, PC4) 
were selected for subsequent modeling analysis. These 

four principal components’ variance explanation rates were 
73.49%, 11.20%, 7.69%, and 5.93%, respectively, and the 
cumulative variance explanation rate was 98.31%.

As previously described, based on 10-fold cross-
validation way, a logistic regression model was constructed. 
And the model parameters are displayed in detail in Table 4. 
The Z-value was calculated as follows: 

Table 2 Conventional echocardiography parameters of the derivation set

Variable HFpEF group (n=49) Control group (n=46) P value

LAd (mm) 39.22±4.31 36.34±3.48 0.001

E/A 0.77 (0.62–0.87) 1.31 (1.24–1.40) <0.001

The average E/e' 15.26 (13.25–16.94) 6.43 (5.15–7.65) <0.001

IVSd (mm) 11.02±1.18 8.96±1.08 <0.001

LVPWd (mm) 10.72±1.35 8.92±1.41 <0.001

RWT (mm) 0.46±0.05 0.39±0.06 <0.001

LVMI (g/m2) 109.90±17.52 84.64±17.77 <0.001

LVEDd (mm) 47.00±2.92 45.87±3.01 0.07

EDV (mL) 104.63±13.84 99.89±14.39 0.11

ESV (mL) 40.61±7.92 38.33±7.23 0.15

LVEF (%) 60.18±4.04 61.46±3.66 0.11

Data are expressed as the mean ± SD or M (P25–P75). HFpEF, heart failure with preserved ejection fraction; LAd, left atrial diameter; E/A, 
the ratio of mitral valve peak early to late diastolic filling velocity; E/e', the ratio of early mitral inflow velocity to mitral annular early diastolic 
velocity; IVSd, interventricular septal thickness in diastole; LVPWd, left ventricular posterior wall thickness in diastole; RWT, relative wall 
thickness; LVMI, left ventricular mass index; LVEDd, left ventricular end-diastolic diameter; EDV, end-diastolic volume; ESV, end-systolic 
volume; LVEF, left ventricular ejection fraction.

Table 3 Comparison of stratified longitudinal strain and MW parameters in the derivation set

Variable HFpEF group (n=49) Control group (n=46) P value

GLSendo (%) −21.13±2.57 −24.18±1.90 <0.001

GLSmyo (%) −18.52±2.31 −20.46±1.67 <0.001

GLSepi (%) −16.37±1.38 −17.59±0.96 <0.001

ΔGLS (%) −4.76±1.28 −6.58±0.97 <0.001

GWI (mmHg%) 1,797.02±251 2,099.78±289 <0.001

GCW (mmHg%) 2,092.18±256 2,386.24±301 <0.001

GWW (mmHg%) 87.48 [66.23–121.50] 60.50 [48.75–73.75] <0.001

GWE (%) 94 [92–96] 98 [96.75–99] <0.001

Data are expressed as the mean ± SD or M [P25–P75]. MW, myocardial work; HFpEF, heart failure with preserved ejection fraction; 
GLSendo, global longitudinal strain of subendocardium; GLSmyo, global longitudinal strain of myocardium; GLSepi, global longitudinal 
strain of subepicardium; ΔGLS, transmural gradient of global longitudinal strain; GWI, global myocardial work index; GCW, global 
myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial work efficiency.

https://cdn.amegroups.cn/static/public/QIMS-23-1143-Supplementary.pdf
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GLS: −16%
GWI: 1,943 mmHg%
GCW: 2,363 mmHg%
GWW: 227 mmHg%
GWE: 90%
BP: 141/85 mmHg
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A higher Z-value means that a sample is more likely to 
be diagnosed as HFpEF. The mean AUC for the optimal 
model in the derivation set was 0.966 (95% CI: 0.88 to 1), 
and participants with a predicted value greater than 0.569 
were classified as HFpEF patients with LV systolic function 
impairment, with 87% sensitivity and 93% specificity 
(Table 5 and Figure 3). In 10-fold cross-validation, baseline 
characteristics, conventional ultrasound parameters, 
stratified longitudinal strain, and MW parameters of 
HFpEF and control patients were not significantly different 
between the derivation and validation sets (Table S4).

Repeatability test

All stratified strain and MW parameters exhibited excellent 
reliability and consistency, as summarized in Table 6. 
Intraclass correlation coefficient (ICC) values were higher 
for intra-observer variability when the same observer 
analyzed the same images at intervals. In contrast, the ICC 
was slightly lower but correlated well with interobserver 
variability.

Discussion

The main findings can be summarized as follows: (I) 
compared with healthy individuals, HFpEF patients had 
subclinical changes in LV systolic function, manifested as 
decreased GLSendo, GLSmyo, GLSepi, ΔGLS, GWI, 
GWE, and GCW as well as increased GWW. (II) Both 
ΔGLS in stratified strain and GWE in MW are more 
effective predictors of LV systolic dysfunction in HFpEF 
patients. The combination of the two techniques can 
improve the diagnostic effect.

Patient characteristics and LV morphology

HFpEF, of which mortality risk is similar to that of 
other heart failure subtypes, has become a prevalent and 

Figure 2 Layer-specific strain and MW technology in the HFpEF group. (A) Bull’s eye diagram of layer-specific strain technology; (B) 
LVPSL and MW parameters. Illustration of the GCW and GWW at the lower right of the image. 1 mmHg =0.133 kPa. Epi, subepicardium; 
Endo, subendocardium; ANT_SEPT, anteroseptal; ANT, anterior; LAT, lateral; POST, posterior; INF, inferior; SEPT, septal; LVPSL, 
left ventricular pressure strain loop; AVC, aortic valve closure; AVO, aortic valve opening; MVC, mitral valve closure; MVO, mitral valve 
opening; MW, myocardial work; HFpEF, heart failure with preserved ejection fraction; GLS, global longitudinal strain; GWI, global 
myocardial work index; GCW, global myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial work 
efficiency; BP, blood pressure.

Table 4 The fitted function

Variable Estimate Std.Error t value Pr (>|t|)

PC1 0.122 0.016 7.780 1.2e−11

PC2 −0.173 0.040 −4.320 4.0e−05

PC3 −0.111 0.048 −2.290 0.03

PC4 −0.051 0.055 −0.930 0.36

Intercept 0.516 0.038 13.660 <2e−16

PC, principal component.

https://cdn.amegroups.cn/static/public/QIMS-23-1143-Supplementary.pdf
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Table 5 Results of the MLRM prediction models for impaired LV systolic function in HFpEF

Variable
Derivation set (n=95) Validation set (n=30)

Mean AUC (95% CI) Cutoff value AUC (95% CI) Sensitivity (%) Specificity (%)

Combination of GLS 0.906 (0.76–1) 0.452 0.902 (0.78–0.99) 100 73

Combination of GMW 0.883 (0.85–0.97) 0.463 0.908 (0.84–1) 100 87

Combination of GLS & GMW 0.966 (0.88–1) 0.569 0.933 (0.85–1) 87 93

MLRM, multivariate logistic regression model; LV, left ventricular; HFpEF, heart failure with preserved ejection fraction; AUC, area under the 
curve; CI, confidence interval; GLS, global longitudinal strain; GMW, global myocardial work.

Table 6 Repeatability test of layer-specific strain and MW parameters

Variable
Intra-observer variability Inter-observer variability

ICC 95% CI ICC 95% CI

GLSendo (%) 0.915 0.766–0.971 0.828 0.563–0.939

GLSmyo (%) 0.941 0.835–0.980 0.882 0.686–0.959

GLSepi (%) 0.884 0.690–0.959 0.808 0.520–0.931

GWI (mmHg%) 0.915 0.766–0.971 0.894 0.713–0.963

GCW (mmHg%) 0.887 0.697–0.961 0.866 0.649–0.953

GWW (mmHg%) 0.873 0.663–0.955 0.852 0.616–0.948

GWE (%) 0.909 0.750–0.968 0.888 0.700–0.961

MW, myocardial work; ICC, intraclass correlation coefficient; CI, confidence interval; GLSendo, global longitudinal strain of 
subendocardium; GLSmyo, global longitudinal strain of myocardium; GLSepi, global longitudinal strain of subepicardium; GWI, global 
myocardial work index; GCW, global myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial work 
efficiency.

Figure 3 ROC curves of training and external validation sets. (A) ROC curves of 10 training sets, the mean AUC was 0.966, the cutoff value 
was 0.569, the sensitivity was 100%, and the specificity was 89.8%. (B) ROC curves of the external validation set, the AUC was 0.933, the 
cutoff value was 0.552, the sensitivity was 86.7%, and the specificity was 93.3%. GLS, global longitudinal strain; GMW, global myocardial 
work; CI, confidence interval; AUC, area under the curve; ROC, receiver operating characteristic.
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increasing public health problem (25). Our results regarding 
the demographic characteristics of HFpEF patients were 
consistent with previous population-based epidemiologic 
studies demonstrating that HFpEF patients were older 
than healthy controls and, had a higher BMI and a higher 
percentage of women (55%), along with several comorbid 
diseases, such as hypertension, coronary heart disease, 
diabetes, and atrial fibrillation (26-28).

Conventional ultrasound parameters in this study showed 
that HFpEF patients had LV wall hypertrophy, left atrial 
enlargement, and LV diastolic dysfunction; these features 
were consistent with the results of previous studies (29).  
Zile et al. (30,31) revealed significant abnormalities in the 
active relaxation and passive stiffness of the LV in patients 
with HFpEF by means of pathophysiological mechanisms 
and cardiac catheterization. Higher LVMI and E/e' 
were independently associated with an increased risk of 
hospitalization for heart failure and with cardiovascular 
death in HFpEF patients (29).

Stratified strain analysis

LVEF is the percentage of stroke volume to LVEDV, 
the primary indicator to clinically evaluate LV systolic 
function. In this study, LVEF was measured by the biplane 
Simpson’s method. This study found no significant 
difference in conventional ultrasound parameters for 
evaluating LV systolic function between the two groups. 
Nonetheless, LVEF measured by the biplane Simpson’s 
method has limitations, for example, load dependence, 
geometric volume assumption, and poor sensitivity to 
slight LV systolic function impairment. Thus, our research 
considered more sensitive methods to detect myocardial 
contractile function. Speckle-tracking imaging tracks 
acoustic speckles frame-by-frame in the region of interest to 
quantitatively assess global or regional myocardial function. 
The myocardium has a unique anatomical structure: the 
oblique epicardial myocardium has a left-handed spiral 
arrangement, the middle myocardium has a circular 
configuration, and the oblique endocardial myocardium 
with a right-handed helical structure (13). In this study, 
GLS decreased progressively from the subendocardium 
to the subepicardium in both groups. This study was 
consistent with previous findings that the transmural strain 
gradient might be related to the differences in wall stress 
caused by the different curvature radii of the three layers 
of the myocardium (32,33). GLSendo, GLSmyo, GLSepi, 
and ΔGLS in the HFpEF group were lower than those 

in the control group, indicating that HFpEF patients had 
impaired LV longitudinal systolic function. According to 
the traditional pathophysiological model, HFpEF is the 
late-stage manifestation of hypertensive heart disease (34).  
Hypertension leads to increased LV afterload, and 
cardiomyocytes compensate through hypertrophy and 
interstitial fibrosis to ensure cardiac output. HFpEF is 
also often associated with obesity, diabetes, and coronary 
heart disease (26,27), resulting in microcirculation  
dysfunction (35) and decreased coronary blood flow reserve. 
The above mechanisms lead to increased myocardial oxygen 
demand and insufficient ventricular wall blood supply, thus 
impairing myocardial contraction performance. HFpEF 
patients have limited LV filling function, increased end-
diastolic intracardiac pressure, increased wall stress in the 
subendocardium, and elevated energy demand. In addition, 
the subendocardium is perfused by the end branches of the 
coronary arteries, which are especially sensitive to early 
ischaemia. Under these circumstances, the subendocardium 
is more seriously damaged, and ΔGLS is significantly 
reduced. Previous studies have reported that normal 
torsion and circumferential strain in the subendocardium 
compensate for LV longitudinal systolic dysfunction (7,36), 
such that LVEF is maintained within the normal range. The 
sample size of this study was small, EDV and ESV were the 
same in both groups, and HFpEF had higher blood pressure 
than the control group, which may require enhanced 
torsion and circumferential strain to maintain LVEF.

MW analysis

MW measurement is a new ultrasound technology derived 
from two-dimensional speckle-tracking. It takes into 
account the influence of GLS and afterload, reflecting the 
requirements of MW and energy metabolism noninvasively 
and quantitatively (18). As mentioned above, the GLS 
of patients with HFpEF is reduced, the myocardial 
deformability is decreased, and the MW is impaired. The 
LV filling pressure of HFpEF patients is advanced, and 
the lengthening of the myocardium is affected during the 
isovolumic relaxation phase. Hence, GCW decreases and 
GWW increases. Ventricular systolic synchrony plays a 
vital role in maintaining MW within the normal range. 
In patients with HFpEF, LV dyssynchrony results in 
reduced, absent, or abnormal myocardial movement during 
ventricular ejection. Consequently, GWI, GCW, and 
GWE decrease while GWW increases (37). In line with 
recent research, there were significant differences in MW 
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parameters between the HFpEF and control groups (38,39).

Machine learning model performance

A machine learning-based algorithm serves as a noninvasive 
diagnostic tool for HFpEF (38,40). The ULRMs of stratified 
strain demonstrated that ΔGLS had the optimal diagnostic 
performance for LV systolic function impairment in patients 
with HFpEF. Tanacli et al. (32) considered GLSepi to be 
superior to other GLS parameters in identifying HFpEF, 
but the technique used to detect multilayer myocardial 
strain was feature-tracking cardiac magnetic resonance. 
In the ULRMs of MW parameters, GWE is a sensitive 
predictor of changes in MW and LV systolic function in 
HFpEF patients. Resting GWE in HFpEF patients is 
closely associated with reduced exercise capacity, increased 
pulmonary congestion, and blunted LV contractile 
reserve during exertion (39). The GWE values showed 
distinct patterns in different cardiac pathologies (41).  
Wang et al. and Liu et al. suggested that GWE had better 
diagnostic performance than other MW indicators in 
patients with varying degrees of coronary artery stenosis 
and maintenance haemodialysis (42,43). Li et al. (38)  
revealed that GWI could play a complementary role to 
LVEF in the early diagnosis of HFpEF patients. The 
MLRM combined with stratified strain and MW techniques 
had the best combined diagnostic performance. The results 
indicated that the predictive ability of two combined 
diagnostic techniques was superior to that of any single 
diagnostic technique, which provided a new perspective 
for the early detection of LV systolic function changes in 
HFpEF patients. Previous diagnostic criteria for HFpEF 
include H2FPEF and HFA-PEFF. A H2FPEF score of 
2–5 or a HFA-PEFF of 2–4 points classifies patients as 
having an intermediate likelihood of HFpEF, wherein 
further examinations are needed (44,45). However, invasive 
hemodynamic assessment is invasive, expensive, and risky. 
Exercise echocardiography is limited by the patient’s 
physical condition and operator experience. Therefore, this 
machine learning model may provide supplemental value 
and a new perspective for diagnosing HFpEF when the 
previous diagnostic criteria scores indicate intermediate 
possibilities.

Limitations

This study is a single-centre cross-sectional study with 
a small sample size, which may have selection bias and a 

lack of long-term follow-up of patients. Layer-specific 
technology has been developed in recent years, and we have 
few studies evaluating its clinical applicability. Therefore, 
future studies with larger sample sizes and a cohort or 
randomized controlled trial design are needed to provide 
a robust conclusion regarding LV systolic dysfunction 
in HFpEF patients. The layer-specific strain technique 
relies on postprocessing software that automatically 
divides the LV myocardium into three layers, which may 
differ from the actual myocardial fibre structure. There 
may be a few differences between brachial artery systolic 
pressure measured by a sphygmomanometer and the LV 
haemodynamic profile in the MW technique. Speckle-
tracking technology requires high image quality with clear 
endocardial and epicardial boundaries; thus, patients need 
to be screened more strictly.

Conclusions

There are subclinical changes in LV myocardial function in 
patients with HFpEF. ΔGLS and GWE are good predictors 
of LV systolic function impairment in patients with HFpEF. 
The combination of speckle-tracking stratified strain and 
MW measurement may improve diagnostic performance 
and provide incremental value for the early identification of 
HFpEF.
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Table S1 Collinearity among the variables

Variable GLSendo GLSmyo GLSepi ΔGLS GWI GCW GWW GWE

GLSendo 1.0000000 0.9753538 0.9738902 0.9778983 −0.8255900 −0.7919999 0.3872230 −0 5237344

GLSmyo 0.9753538 1.0000000 0.9593204 0.9464148 −0.8061497 −0.7852991 0.3513478 −0.4835264

GLSepi 0.9738902 0.9593204 1.0000000 0.9058257 −0.7837603 −0.7568263 0.3163845 −0.4371486

ΔGLS 0.9778983 0.9464148 0.9058257 1.0000000 −0.8270022 −0.7913221 0.4351369 −0.5790045

GWI −0.8255900 −0.8061497 −0.7837603 −0.8270022 1.0000000 0.9698087 −0.3707544 0.4870180

GCW −0.7919999 −0.7852991 −0.7568263 −0.7913221 0.9698087 1.0000000 −0.3490359 0.5090048

GWW 0.3872230 0.3513478 0.3163845 0.4351369 −0.3707544 −03490359 1.0000000 −0.3611222

GWE −0.5237344 −0.4835264 −0.4371486 −0.5790045 0.4870180 0.5090048 −0.3611222 1.0000000

GLSendo, global longitudinal strain of subendocardium; GLSmyo, global longitudinal strain of myocardium; GLSepi, global longitudinal 
strain of subepicardium; ΔGLS, transmural gradient of global longitudinal strain; GWI, global myocardial work index; GCW, global 
myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial work efficiency.

Table S2 Principal component analysis

Variable PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8

GLSendo 0.4010051 0.12797544 0.081591467 0.2604638 0.08511564 0.24807306 0.157922956 0.8090392752

GLSmyo 0.3933049 0.17580012 0.102206080 0.2563187 0.05857815 0.74430516 0.425247526 0.0017769114

GLSepi 0.3840215 0.22820903 0.138521383 0.2890481 0.62914839 0.36035437 0.111308427 0.3995480759

ΔGLS 0.3986318 0.03030077 0.026560740 0.2179079 0.73281159 0.09741572 0.245766843 0.4301920588

GWI 0.3752587 0.08010353 0.007442325 0.5655097 0.10929670 0.36754169 0.620902236 0.0188536251

GCW 0.3675868 0.07151657 0.074401478 0.6233219 0.15260327 0.33108418 0.576546431 0.0197290712

GWW 0.1942046 0.82261478 0.527502969 0.0172615 0.08210996 0.01662637 0.003665575 0.0004795524

GWE 0.2539130 0.45988350 0.824067765 0.1636988 0.12044635 0.01201761 0.059119914 0.0018697451

PC, principal component; GLSendo, global longitudinal strain of subendocardium; GLSmyo, global longitudinal strain of myocardium; 
GLSepi, global longitudinal strain of subepicardium; ΔGLS, transmural gradient of global longitudinal strain; GWI, global myocardial work 
index; GCW, global myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial work efficiency.

Table S3 Results of the ULRM prediction models for impaired LV systolic function in HFpEF

Variable AUC Cutoff value Sensitivity (%) Specificity (%)

GLSendo (%) 0.841 0.581 68.0 100

GLSmyo (%) 0.805 0.575 64.0 95.8

GLSepi (%) 0.790 0.583 64.0 91.7

ΔGLS (%) 0.891 0.579 72.0 100

GWI (mmHg%) 0.792 0.489 80.0 79.2

GCW (mmHg%) 0.795 0.331 95.7 61.9

GWW (mmHg%) 0.752 0.433 68.0 87.5

GWE (%) 0.882 0.322 92.0 66.7

ULRM, univariate logistic regression model; LV, left ventricular; HFpEF, heart failure with preserved ejection fraction; AUC, area under 
the curve; GLSendo, global longitudinal strain of subendocardium; GLSmyo, global longitudinal strain of myocardium; GLSepi, global 
longitudinal strain of subepicardium; ΔGLS, transmural gradient of global longitudinal strain; GWI, global myocardial work index; GCW, 
global myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial work efficiency. GMW, global 
myocardial work.
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Table S4 Comparison of derivation cohort with validation cohort for HFpEF and Control groups

Variable

HFpEF group Control group

Derivation cohort  
(n=49)

Validation cohort 
(n=15)

P value
Derivation cohort  

(n=49)
Validation cohort 

(n=15)
P value

Clinical characteristics

Age (years) 67.39±7.69 69.53±6.25 0.33 64.89±9.17 62.20±6.30 0.30

Female gender 28 [57] 10 [67] 0.51 20 [43] 8 [53] 0.51

Height (cm) 165.82±6.97 164.80±3.59 0.59 166.89±5.35 164.67±5.01 0.16

Weight (kg) 66.08±10.23 67.87±4.98 0.52 61.33±10.79 61.40±4.14 0.98

BMI (kg/m2) 24.03±3.53 25.12±1.76 0.26 21.88±2.52 22.71±1.71 0.24

HR (beats/min) 75.57±7.20 76.13±9.40 0.81 72.61±9.99 69.87±3.85 0.31

SBP (mmHg) 142 [125 to 146.50] 139 [135 to 144] 0.68 125.37±10.05 122.47±10.13 0.34

DBP (mmHg) 86.18±12.65 84.60±4.58 0.64 77 [73.25 to 84] 72 [70 to 80] 0.09

NT-proBNP (pg/mL) 674 [418.50 to 1115] 678 [230 to 1145] 0.51 62.33±22.67 54.73±8.19 0.21

NYHA

II 21 [43] 6 [40] 0.85

III 23 [47] 5 [33] 0.35

IV 5 [10] 4 [27] 0.11

Comorbidity

Hypertension 33 [67] 8 [53] 0.32

Coronary artery disease 27[55] 6 [40] 0.31

Diabetes mellitus 14 [29] 6 [40] 0.40

Paroxysmal atrial 
fibrillation

9 [18] 2 [13] 0.65

Conventional echocardiography parameters

LAd (mm) 40 [36 to 42.5] 37 [30 to 45] 0.61 36.34±3.48 34.67±2.58 0.10

E/A 0.77 [0.62 to 0.87] 0.85 [0.70 to 1.26] 0.46 1.31 [1.24 to 1.40] 1.20 [1.14 to 1.35] 0.11

The average E/e' 15.26 [13.25 to 16.94] 15.80 [12.60 to 18.40] 0.57 6.49±1.75 7.34±0.67 0.07

IVSd (mm) 11.02±1.18 11.25±1.45 0.52 8.96±1.08 8.55±0.80 0.18

LVPWd (mm) 10.72±1.35 11.02±1.29 0.45 8.96 [7.74 to 9.56] 9.00 [8.30 to 9.50] 0.59

RWT (mm) 0.46±0.06 0.48±0.06 0.29 0.39±0.07 0.38±0.03 0.67

LVMI (g/m2) 109.90±17.52 108.00±14.21 0.70 84.64±17.77 79.72±9.59 0.31

LVEDd (mm) 47 [45 to 49] 46 [45 to 47] 0.18 45.87±3.01 45.53±1.60 0.68

EDV (mL) 104.63±13.84 98.20±12.91 0.11 99.89±14.39 97.33±10.58 0.53

ESV (mL) 40.61±7.92 39.67±4.35 0.66 38.33±7.23 35.47±5.42 0.17

LVEF (%) 60.18±4.04 59.93±2.76 0.82 60.50 [60 to 64] 61 [60 to 64] 0.39

Stratified longitudinal strain and MW parameters

GLSendo (%) −20.90  
[−22.60 to −19.10]

−21.14 [−21.71 to −18] 0.40 −24.18±1.90 −24.28±2.86 0.87

GLSmyo (%) −18.20  
[−19.95 to −16.90]

−19.10 [−20 to −17] 0.56 −20.46±1.67 −21.14±3.11 0.28

GLSepi (%) −16.37±1.38 −15.81±2.05 0.23 −17.59±0.96 −18.20±3.50 0.29

ΔGLS (%) −4.50 [−5.55 to −3.95] −3.71 [−5.14 to −2.60] 0.09 −6.58±0.97 −6.08±1.97 0.19

GWI (mmHg%) 1,818  
[1,662 to 1,959]

1,996  
[1,625 to 2,171]

0.11 2,123.50  
[1,874.25 to 2,336]

2,014  
[1,689 to 2,101]

0.15

GCW (mmHg%) 2,092.18±255.52 2,221.00±284.90 0.10 2,419 [2,069 to 2,611.25] 2,303 [2,013 to 2,429] 0.09

GWW (mmHg%) 87.48 [66.23 to 121.50] 62 [40 to 135] 0.13 60.50 [48.75 to 73.75] 54 [48 to 84] 0.80

GWE (%) 94.29±2.56 95.67±1.84 0.06 98 [96.75 to 99] 97 [95 to 98] 0.10

Data are expressed as the n [%], mean ± SD, or M [P25 to P75]. HFpEF, heart failure with preserved ejection fraction; BMI, body mass 
index; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; NT-proBNP, N-terminal-pro-brain natriuretic peptide; 
NYHA, New York Heart Association; BP, blood pressure. 1 mmHg=0.133 kPa. LAd, left atrial diameter; E/A, the ratio of mitral valve 
peak early to late diastolic filling velocity; E/e', the ratio of early mitral inflow velocity to mitral annular early diastolic velocity; IVSd, 
interventricular septal thickness in diastole; LVPWd, left ventricular posterior wall thickness in diastole; RWT, relative wall thickness; LVMI, 
left ventricular mass index; LVEDd, left ventricular end-diastolic diameter; EDV, end-diastolic volume; ESV, end-systolic volume; LVEF, left 
ventricular ejection fraction. MW, myocardial work; GLSendo, global longitudinal strain of subendocardium; GLSmyo, global longitudinal 
strain of myocardium; GLSepi, global longitudinal strain of subepicardium; ΔGLS, transmural gradient of global longitudinal strain; GWI, 
global myocardial work index; GCW, global myocardial constructive work; GWW, global myocardial wasted work; GWE, global myocardial 
work efficiency.


