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BACKGROUND: Left ventricular global longitudinal strain (GLS) is 
associated with long-term outcomes of patients with severe aortic 
stenosis. However, its prognostic value in patients with moderate aortic 
stenosis remains unknown.

METHODS: Patients diagnosed with moderate aortic stenosis (1.0< 
aortic valve area ≤1.5 cm2) and left ventricular ejection fraction ≥50% 
were identified. GLS was assessed by 2-dimensional strain imaging using 
speckle-tracking method. All-cause mortality was assessed according to 
the median GLS value.

RESULTS: Two hundred eighty-seven patients were included (median 
age 76 years; 47% male). Mean aortic valve area was 1.25 cm2, left 
ventricular ejection fraction 62%, and median GLS −15.2%. During a 
median follow-up of 3.9 years, there were 103 deaths (36%). Mortality 
was higher in patients with GLS>−15.2% (hazard ratio 2.62 [95% CI 
1.69–4.06]) compared with patients with GLS ≤−15.2% even after 
adjusting for confounders. Mortality rates at 1, 3, 5 years were 21%, 
35%, 48%, respectively, in patients with GLS >−15.2%, and 6%, 
15%, 19% in those with GLS ≤−15.2%. Even among those with left 
ventricular ejection fraction ≥60%, GLS discriminated higher-risk patients 
(P=0.0003). During follow-up, 106 (37%) patients underwent aortic valve 
replacement with median waiting-time of 2.4 years, and their survival 
was better than patients without aortic valve replacement. Among those 
patients undergoing aortic valve replacement, prognosis was still worse in 
patients with GLS >−15.2% (P=0.04). Mortality rates at 1, 3, 5 years were 
2%, 10%, 20%, respectively, in patients with GLS >-15.2% and 2%, 5%, 
6% in those with GLS ≤−15.2%.

CONCLUSIONS: Impaired GLS in moderate aortic stenosis patients is 
associated with higher mortality rates even among those undergoing 
aortic valve replacement.
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Aortic valve replacement (AVR) for severe aortic 
stenosis (AS) is recommended in symptomatic 
patients or in those with a left ventricular (LV) 

ejection fraction (LVEF) <50%.1,2 LVEF is a widely used 
measure of LV systolic function and has played a criti-
cal role in the risk stratification of patients with AS.3–5 
Moreover, recent data have demonstrated that in pa-
tients with reduced LVEF and severe AS, decreased LVEF 
precedes the diagnosis of severe AS by several years.5 
This underscores the importance of detecting even mild 
degree of LV systolic dysfunction even before AS be-
comes severe.

In patients with moderate AS, decreased LVEF (<50%) 
has been shown to be associated with higher death or 
heart failure hospitalization rates.6 Currently, the TAVR 
UNLOAD trial (Transcatheter Aortic Valve Replacement 
to UNload the Left ventricle in patients with ADvanced 
heart failure) is ongoing to investigate the survival ben-
efit of transcatheter AVR in patients with moderate AS 
and LVEF <50%.7 However, prognostic parameters in 
patients with moderate AS and preserved LVEF have 
not been well studied. It has been reported that glob-
al longitudinal strain (GLS) using 2-dimensional (2D) 
speckle-tracking system is reduced and associated with 
poor survival outcomes in patients with severe AS.8–11 
GLS is a more sensitive marker for systolic dysfunction 

than LVEF and can detect subtle myocardial dysfunction 
in AS patients.12 We hypothesized that the subset of 
patients with moderate AS and preserved LVEF at high 
risk can be detected by LV GLS.

METHODS
We retrospectively identified consecutive patients with mod-
erate AS diagnosed by echocardiography at the Mayo Clinic, 
Rochester, MN, from January 2012 to December 2012. 
Moderate AS was defined as aortic valve area (AVA) >1.0 and 
AVA ≤1.5 cm2 with peak aortic transvalvular velocity <4 m/s 
or mean valve gradient <40 mm Hg. Subjects were excluded 
with any of the following criteria: previous valve surgery; active 
infective endocarditis; significant LV outflow tract obstruction 
(>3 m/s); more than moderate aortic or mitral valve regurgita-
tion; chronic atrial fibrillation/flutter; and LV wall asynergy.13 
Patients with implanted pacemakers were also excluded from 
this study. International Classification of Diseases, Ninth and  
Tenth codes were used for identifying patients’ demograph-
ics. Coronary artery disease  (CAD) was defined based on 
these codes. Symptomatic status was abstracted from medi-
cal records and was defined as any of the three: syncope, 
dyspnea, or chest pain. All patients were followed until death 
or last contact, at which time they were censored. The tim-
ing of AVR was identified from medical records. Patients were 
stratified into 2 groups according to the median GLS, and all-
cause mortality was compared. The Mayo Clinic Institutional 
Review Board approval was obtained for the current study 
(Institutional Review Board number 18-006393). Research 
authorizations were obtained from patients. Our data is avail-
able on request from the authors.

Echocardiography
Echo-Doppler data were obtained using commercially avail-
able ultrasonography systems. AVA was calculated by the 
continuity equation14 and LVEF by the modified Simpson or 
the modified Quinones method.13 LV mass index was calcu-
lated by the Devereux formula and indexed for body surface 
area. The degree of aortic and mitral regurgitation was clas-
sified according to the guidelines of the American Society 
of Echocardiography.15 Calculation of relative wall thickness 
was done with the formula: (2×posterior wall thickness)/(LV 
end-diastolic diameter).13 Diastolic function was assessed by 
mitral inflow velocity (early diastolic velocity and atrial veloc-
ity), early diastolic tissue velocity (e′) of the medial and the 
lateral mitral annulus, early transmitral diastolic velocity (E) to 
early diastolic mitral annular tissue velocity (E/e'), left atrium 
volume index, and tricuspid regurgitation velocity according 
to the guidelines.16 Left atrium volume index was calculated 
using the area-length method by tracing in both the apical 
2- and 4-chamber view.13 Valvuloarterial impedance (Zva) 
was calculated as follows: (mean systolic aortic valve Doppler 
gradient+systolic blood pressure)÷stroke volume index.17

Strain Analysis With 2D Speckle-Tracking
Offline 2D strain imaging analysis was performed using 
speckle-tracking method from stored transthoracic echocar-
diography images (DICOM) using TomTec (TomTec Imaging 

CLINICAL PERSPECTIVE

Left ventricular (LV) ejection fraction is a routine 
measure of LV systolic function and has played a 
critical role in the risk stratification of patients with 
aortic stenosis (AS). However, recent data have 
demonstrated that LV global longitudinal strain 
is a more sensitive marker for systolic dysfunction 
and provides incremental prognostic information 
in patients with severe AS when compared with 
LV ejection fraction. It has also been shown that 
clinical outcomes of the patients with moderate 
AS are poor. This underscores the importance of 
detecting even mild degrees of LV systolic dysfunc-
tion before AS becoming severe. This study dem-
onstrates the potential utility of risk stratification 
using global longitudinal strain in patients with 
moderate AS. Even when AS was only moderate in 
severity, impaired global longitudinal strain values 
were associated with worse survival outcomes in 
patients with preserved LV ejection fraction, includ-
ing those undergoing aortic valve replacement. 
Whether an earlier valvular intervention compared 
with frequent clinical surveillance using global lon-
gitudinal strain can improve the survival outcomes 
in patients with moderate, as well as severe AS, 
requires further investigations.
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Systems GmbH, Unterschleissheim, Germany). Frame rates 
were at least 30 per second in all patients (median frame 
rate 30 [30, 30] frames/s). For assessing LV longitudinal strain 
using 2D-speckle tracking imaging, standard 2D grayscale 
images of the LV were acquired from conventional, apical 2-, 
3-, and 4-chamber views. The peak strain of each segment 
was defined as the peak negative value on the strain curve 
as the time from the end-diastole to peak negative longitudi-
nal strain to the end-systole in 16 LV segments. End-diastole 
and end-systole were defined as the largest and the smallest 
LV chamber volumes, respectively. GLS was calculated as the 
peak strain value from the averaged strain curve generated 
from 16 segments. Subjects were excluded from the analysis 
if there were >3 segments judged as unsatisfactory.

Intraobserver and Interobserver 
Variability for GLS
Twenty randomly selected images were reanalyzed for assess-
ing the reproducibility of strain measurements. Interobserver 
reliability was assessed by a second operator who performed 
strain measurement in a random sample of 20 participants 
and was blinded to all clinical and imaging data.

Data Analysis
Continuous variables were summarized as a mean±SD or 
median (25th, 75th percentile) when data were non-nor-
mal. Categorical variables were presented as counts (%). 
A 2-tailed P<0.05 was considered statistically significant. 
Comparisons between groups were performed using 2-sam-
ple t test or χ2 test for continuous and nominal variables, 

respectively, unless data were non-normal or the sample size 
small; in this case, the Wilcoxon rank-sum test and Fisher 
exact were applied instead.

Survival was estimated using a Kaplan-Meier curve, and 
the curves were compared using a log-rank test. Multivariable 
Cox proportional hazard model was applied to assess whether 
GLS independently predicted adverse survival outcome. 
Clinical and echocardiographic variables were selected based 
on clinical importance. The hazard ratios and 95% CI were 
reported. Penalized smoothing spline was applied to illustrate 
the association of GLS and the hazard ratio using univariate 
Cox proportional hazards method for assessing the tendency 
of the risk of overall mortality. Median of GLS value (−15.2%) 
was used as references for calculating hazard ratios.

Intraclass correlation coefficient was used for assessment 
of intraobserver and interobserver variability. Analyses were 
performed using JMP software, version 14.1.0 (SAS Institute, 
Cary, NC), R software, version 3.4.2 (The R Foundation, 
Vienna, Austria) and MedCalc statistical software, version 
11.0 (MedCalc Software, Ostend, Belgium).

RESULTS
A total of 287 patients met our inclusion and exclu-
sion criteria and were found to have satisfactory quality 
images for strain analysis. Patients’ clinical character-
istics are shown in Table 1. Median age was 76 years 
and 47% were male; 71% had hypertension, and 
49% CAD. Echocardiographic parameters are shown 
in Table 2. Mean AVA was 1.26±0.14 cm2, peak aortic 

Table 1.  Patient Characteristics: Patients With GLS≤−15.2% vs GLS>−15.2%

 Total (n=287)

GLS

P Value≤−15.2% (n=146) >−15.2% (n=141)

Age, y 76 (68–82) 74 (65–81) 78 (71–83) 0.005

Male sex, % 134 (47) 62 (42) 72 (51) 0.14

Heart rate, bpm 67.8±12.4 67.3±11.8 68.4±12.9 0.45

Body mass index, kg/m2 28.8±5.9 28.6±5.8 29.1±6.0 0.53

Body surface area, m2 1.88±0.24 1.86±0.23 1.89±0.26 0.31

Hypertension, % 202 (71) 103 (71) 99 (70) 0.95

Hyperlipidemia, % 197 (68) 101 (69) 96 (68) 0.84

Diabetes mellitus, % 95 (33) 42 (29) 53 (38) 0.11

Coronary artery disease, % 142 (49) 64 (44) 78 (55) 0.05

Myocardial infarction, % 43 (15) 15 (10) 28 (20) 0.02

Chronic obstructive pulmonary disease, % 48 (17) 20 (14) 28 (20) 0.16

Hemoglobin, g/dL 12.5±1.9 12.7±1.8 12.4±1.9 0.31

Creatinine, mg/dL 1.0 (0.8–1.3) 1.0 (0.8–1.2) 1.1 (0.9–1.4) 0.09

NT-proBNP, pg/dL 350 (99–2539) 182 (73–663) 816 (185–3508) 0.01

Aortic valve replacement, % 106 (37) 65 (45) 41 (29) 0.007

Any symptoms, % 115 (41) 49 (34) 66 (47) 0.02

 ��� Shortness of breath, % 79 (28) 33 (23) 46 (33) 0.06

 ��� Chest pain, % 29 (10) 10 (7) 19 (13) 0.06

 ��� Syncope, % 12 (4) 9 (6) 3 (2) 0.14

GLS indicates global longitudinal strain; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.
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transvalvular velocity 3.2±0.5 m/s, and mean valve gra-
dient 24.5±7.4 mm Hg. Mean LVEF was 62±6 %.

Median value of GLS was −15.2 % (−17.1 to −13.8). 
There were 146 (51%) patients with GLS ≤−15.2% and 
141 (49%) with GLS >−15.2%. Representative GLS 
images in apical 4-chamber view are shown in Figure 1. 
Patients with GLS >−15.2% were older, more symp-
tomatic, had higher NT-proBNP levels, and more often 
had prior myocardial infarction (Table  1). In addition, 
patients with GLS >−15.2% less frequently underwent 
AVR (Table  1). They also had lower LVEF, lower peak 
aortic transvalvular velocity, lower stroke volume index, 
larger LV mass index, and higher valvuloarterial imped-
ance (Table 2). Diastolic function parameters, such as 
average E/e′, left atrium volume index, and right ven-
tricular systolic pressure, were similar between 2 groups 
(Table 2). However, mean medial e′ differed between 2 
groups (P=0.0053), and smaller absolute value of GLS 
was significantly associated with lower medial e′ veloc-
ity (r=0.22, P<0.0001).

Survival Outcomes Based on GLS Levels
During a median follow-up of 3.9 (0.7–5.9) years, there 
were 103 deaths (35.9%). Mortality was significantly 
higher in patients with GLS >−15.2% compared with 
GLS ≤−15.2% (P<0.0001, Figure  2A). Mortality rate 
was 21% at 1 year, 35% at 3 years, and 48% at 5 

years among patients with GLS >−15.2%. In those 
patients with GLS ≤−15.2%, mortality rate was 6% at 
1 year, 15% at 3 years, and 19% at 5 years. GLS dis-
criminated high-risk patients even among those with 
an LVEF ≥60% (n=188, P=0.0003, Figure 2B). In those 
with LVEF ≥60% and GLS >−15.2%, mortality rate was 
20% at 1 year, 33% at 3 years, and 44% at 5 years. 
When GLS was ≤−15.2%, mortality rate was 7% at 1 
year, 15% at 3 years, and 19% at 5 years. Regardless of 
the presence of CAD, mortality was higher in patients 
with GLS >−15.2% compared with GLS ≤−15.2% (Fig-
ure I in the Data Supplement). Of note, GLS was sig-
nificantly different between patients with CAD versus 
those without CAD (−14.6±3.2% versus −15.6±3.18 
%, respectively, P=0.01).

The multivariable Cox model is shown in Tables 3 
and 4. GLS >−15.2% was independently associ-
ated with worse survival (hazard ratio 2.62 [95% CI, 
1.69–4.06]) even after adjusting for age, sex, CAD, 
LVEF, mean valve gradient, and symptomatic status 
(Table 3). A second Cox model was built with GLS as 
a continuous variable (Table 4); higher GLS value was 
significantly associated with worse prognosis  (hazard 
ratio 1.19 per 1% incremental [95% CI, 1.12–1.26]) 
after adjusting for confounders. The correlation 
between GLS and the risk of all-cause death is shown 
in Figure 3, with higher GLS values being associated 
with higher hazard ratios.

Table 2.  Echocardiographic Parameters: Patients With GLS≤−15.2% vs GLS>−15.2%

Total (n=287)

GLS

P Value≤−15.2% (n=146) >−15.2% (n=141)

GLS, % −15.2±3.2 −17.6±1.9 −12.7±2.3 …

LVEF, % 62±6 63±5 61±6 0.0008

Aortic valve area, cm2 1.26±0.14 1.26±0.14 1.26±0.14 0.73

Indexed aortic valve area, cm2/m2 0.68±0.11 0.68±0.12 0.67±0.11 0.22

Peak aortic transvalvular velocity, m/s 3.20±0.50 3.27±0.49 3.13±0.49 0.02

Mean valve gradient, mm Hg 24.5±7.4 25.3±7.6 23.7±7.2 0.07

LV mass index, g/m2 101.1±25.9 97.2±22.1 105.1±28.9 0.01

Relative wall thickness 0.46±0.08 0.45±0.09 0.46±0.09 0.70

Cardiac output, L/min 6.21±1.14 6.27±1.13 6.15±1.15 0.36

Stroke volume index, mL/m2 50.7±8.2 52.3±7.7 49.0±8.5 0.0006

Average E/e′ 13.8 (10.1–17.7) 13.9 (9.8–17.7) 13.6 (10.9–17.8) 0.67

Medial e′, m/s 0.06±0.02 0.06±0.02 0.05±0.02 0.0053

E, m/s 0.89±0.28 0.90±0.26 0.88±0.30 0.63

A, m/s 0.97±0.31 1.00±0.31 0.95±0.30 0.20

Deceleration time, ms 238.5±63.3 239.6±66.9 237.4±59.1 0.79

Left atrium volume index, mL/m2 38.7±12.6 38.2±12.5 39.3±12.8 0.47

Right ventricular systolic pressure, mm Hg 32 (28–39) 32 (28–39) 34 (28–41) 0.10

Valvuloarterial impedance (Zva),  
mmHg/mL/m2

3.14±0.63 3.01±0.57 3.28±0.66 0.0003

A indicates late diastolic velocity; E, early diastolic velocity; e′, early diastolic tissue velocity; GLS, global longitudinal strain; LV, left 
ventricular; and LVEF, LV ejection fraction.
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Survival Outcomes for Patients With/
Without AVR
During follow-up, 106 (37%) patients underwent AVR. 
Seventy-five (70.8%) patients had AVA≤1 cm2 at the 
time of AVR. Of these, 104 patients developed symp-
tomatic severe AS (98.1%), and 2 patients were asymp-

tomatic with severe AS requiring coronary artery bypass 
grafting surgery (1.9%). Median time from the diag-
nosis of moderate AS to AVR was 2.4 (1.3–3.8) years. 
For patients not undergoing AVR, mortality was signifi-
cantly higher in patients with GLS >−15.2% compared 
to patients with GLS ≤−15.2% (P<0.0001, Figure 4A). 
Mortality rate was 28% at 1 year, 45% at 3 years, and 

Figure 1. Representative global longitudinal strain (GLS) images in apical 4 chamber views.
Representative GLS images in apical 4-chamber views were shown; (A) normal GLS (−18.4%); a 62-year-old woman with moderate aortic stenosis (AS) and left ventricu-
lar ejection fraction (LVEF) is 69%; (B) impaired GLS (−14.5%); a 60-year-old woman with moderate AS and LVEF is 63%. Ed indicates end-diastole; and Es, end-systole.

Figure 2. Survival outcomes for patients with moderate aortic stenosis.
A, All-cause of death was compared in patients with global longitudinal strain (GLS) ≤−15.2% to patients with GLS >−15.2% among those with left ventricular 
ejection fraction (LVEF) ≥50%. B, All-cause of death was compared in patients with GLS ≤−15.2% to patients with GLS >−15.2% among those with LVEF ≥60%.
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59% at 5 years among patients with GLS >−15.2%. 
Among patients with GLS ≤−15.2%, mortality rate was 
10% at 1 year, 23% at 3 years, and 30% at 5 years. 
Similarly, among those undergoing AVR, mortality was 
higher in patients with GLS >−15.2% compared to 
patients with GLS≤−15.2% (P=0.04, Figure 4B). Mor-
tality rate was 2% at 1 year, 10% at 3 years, and 20% 
at 5 years among patients with GLS >−15.2%. For 
patients with GLS ≤−15.2%, it was 2% at 1 year, 5% 
at 3 years, and 6% at 5 years.

Intraobserver and Interobserver
Intraclass correlation coefficient for intraobserver vari-
ability was 0.94 (95% CI, 0.91–0.97) and for interob-
server variability 0.89 (95% CI, 0.85–0.93), indicating 
that reliability for GLS measurements was excellent.

DISCUSSION
Our results demonstrate that LV GLS is independently 
associated with survival outcomes among patients with 
moderate AS and preserved LVEF. In our cohort, reduced 
GLS was associated with poor survival outcomes even 
after AVR. GLS could potentially be one of the impor-
tant parameters when considering earlier intervention 
for AS even when LVEF is preserved.

Epidemiology of Moderate AS
Moderate AS has been reported to be associated with 
decreased survival when compared with the normal 
population. Recently, Strange et al18 reported that the 
5-year mortality was 56% in total of 3315 patients with 
moderate AS. In a Veterans Affairs cohort, 63 deaths 
were observed in 104 individuals with moderate AS 
during the mean follow-up period of 1.8 years.19 In a 
French population of patients with moderate AS and 
LVEF ≥50%, mortality rates were 13%, 28%, and 47% 
at 1, 3, and 6 years, respectively.20 These observations 
demonstrate that the prognosis in patients with moder-
ate AS is poor, even if LVEF is preserved.

Pathophysiology of Reduced GLS in 
Patients With Moderate AS
The incremental role of GLS for risk stratification of 
patients with moderate AS and preserved LVEF was 
demonstrated in this study. Reduced GLS has been 
shown to be associated with poor survival outcomes 
in patients with severe AS.8–11 In patients with sig-
nificant AS, LV hypertrophy occurs as a compensatory 
mechanism to keep wall stress normal but impairs 
coronary blood flow reserve, which initially occurs in 
the subendocardial layers.21–26 Subsequently, fibrot-
ic changes start subendocardially and ultimately 
affect LV longitudinal function.27 Although this LV 
remodeling process has not been well documented 
in those with moderate AS, abnormal GLS is most 
likely associated with a combination of excessive 
increase in afterload related to AS25,28 and associated 
comorbidities.29–33

Increased afterload could possibly be already over-
whelming even when AS was only moderate among 

Table 3.  Cox Proportional Hazard Model–Multivariable Analysis: GLS 
as a Binary Variable

Hazard Ratio (95% CI) P Value

GLS>−15.2% 2.62 (1.69–4.06) <0.0001

Age, y 1.03 (1.01–1.05) 0.0046

Male sex 0.73 (0.47–1.12) 0.15

Coronary artery disease 0.80 (0.54–1.20) 0.29

LVEF, % 0.97 (0.94–1.01) 0.14

Mean valve gradient, mm Hg 0.97 (0.94–1.00) 0.048

Symptoms 1.59 (1.06–2.36) 0.02

GLS indicates global longitudinal strain; and LVEF, left ventricular ejection 
fraction.

Table 4.  Cox Proportional Hazard Model–Multivariable Analysis: GLS 
as a Continuous Variable

Hazard Ratio (95% CI) P Value

GLS, % 1.19 (1.12–1.26) <0.0001

Age, y 1.03 (1.01–1.05) 0.0021

Male sex 0.75 (0.49–1.16) 0.19

Coronary artery disease 0.76 (0.51–1.14) 0.19

LVEF, % 0.97 (0.94–1.01) 0.18

Mean valve gradient, mm Hg 0.97 (0.94–1.00) 0.03

Symptoms 1.47 (0.99–2.20) 0.06

GLS indicates global longitudinal strain; and LVEF, left ventricular ejection 
fraction.

Figure 3. Association between global longitudinal strain (GLS) and the 
risk of overall mortality among patients with moderate aortic stenosis.
Spline curve was illustrated for assessing the association of hazard ratio and 
GLS. GLS of −15.2% was a reference value. 95% CIs were shown.
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patients with impaired GLS.21,22 As shown in this study, 
patients with impaired GLS had larger LV mass index 
with concentric LV hypertrophy and lower e′ velocities 
compared with those with preserved GLS. It has been 
demonstrated that the LV wall thickness in AS was relat-
ed to the anatomic characteristics of myocardial fibers, 
culminating in longitudinal systolic dysfunction.34 Also, 
in a previous publication, some patients were found 
to have a decline of LVEF even before AS developing 
severe.5 These findings may support our hypothesis 
for the excessive afterload in a subset of patients with 
moderate levels of aortic valve obstruction.

Comorbidities, such as CAD, hypertension, dia-
betes mellitus, obesity, or atherosclerosis, could also 
contribute to impaired GLS in moderate AS.29–33 In 
addition, advanced age and CAD were also associ-
ated with GLS impairment, as previously reported.35,36 
The association with CAD might be of particular 
importance as CAD was present ≈50% of patients in 
our study, and CAD has been shown to be prevalent 
among patients with AS. However, it should be noted 
that GLS could discriminate high-risk patients regard-
less of CAD status (Tables 3 and 4, Figure I in the Data 
Supplement). Importantly, GLS can be also impaired 
in other cardiac disorders, such as hypertrophic car-
diomyopathy and cardiac amyloidosis, and the pres-
ence of a concomitant myocardial disorder should be 
considered in those with AS and significantly reduced 
GLS.37–41

GLS Is an Independent Predictor of 
Survival Outcomes in Patients With 
Moderate AS
LVEF, the reference standard for assessment of global 
LV systolic function, was not able to predict survival 
among patients with moderate AS and preserved LVEF 
in our study. In contrast, GLS was significantly associ-
ated with survival even after adjusting for confound-

ers. Although it was difficult to determine appropriate 
cutoff values for GLS associated with survival outcomes 
in this study, we successfully demonstrated that each 
incremental value of GLS was associated with worse 
survival outcomes in the multivariable model (Table 4) 
as well as Spline curve (Figure 3).

GLS and Survival Outcomes After AVR
In our study, GLS predicted survival outcomes in 
patients with moderate AS undergoing AVR, as well 
as patients without AVR. AVR is a well-established 
treatment for patients with severe AS. Based on the 
current management strategies, physicians usually fol-
low patients until AS becomes severe and symptoms 
develop.1,2 This is probably the reason for the median 
time interval from the time of diagnosis of moderate 
AS to AVR of 2.4 years in this study. It is quite revealing 
that 40% of patients with moderate AS were shown 
to be already symptomatic, and underlying comorbidi-
ties may contribute to symptom development. Howev-
er, the symptoms in patients with AS are not specific, 
and it is often difficult to determine symptoms in these 
patients are truly cardiac in nature. It has been report-
ed that impaired GLS is associated with symptomat-
ic status, as well as myocardial damages defined by 
elevated high-sensitive troponin T level.42 Preoperative 
GLS has been shown to be associated with myocar-
dial fibrosis assessed by myocardial biopsy specimens 
obtained intraoperatively.43 GLS could potentially 
provide incremental information when evaluating AS 
patients, especially when symptomatic status is diffi-
cult to be defined.

In patients with severe AS, it has been reported 
that patients with impaired GLS to have higher mortal-
ity rate than patients with normal GLS after AVR.8,10,11 
Development of LV fibrosis, the main pathophysiologi-
cal mechanism involved in the reduction of GLS, might 
be more severely advanced in some cases and might 

Figure 4. Survival outcomes for patients with/without aortic valve replacement (AVR).
The survival outcomes of patients without AVR (A) and with AVR (B) were shown. Patients were stratified into 2 groups based on global longitudinal strain (GLS) 
value of −15.2%.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 10, 2020

barre
Realce

barre
Realce

barre
Realce

barre
Realce



Circ Cardiovasc Imaging. 2020;13:e009958. DOI: 10.1161/CIRCIMAGING.119.009958� April 2020 8

Zhu et al; GLS in Moderate AS

thus be irreversible even after AVR.25 AVR should be ide-
ally performed before developing permanent LV fibro-
sis.44 Therefore, risk stratification is extremely important 
even when AS is only moderate in severity. Further-
more, excellent reproducibility was shown in this study, 
and since the consistency among different ultrasound 
units has been already reported,45 we propose that GLS 
should be evaluated in all patients with moderate AS to 
provide prognostic information.

Further studies will be necessary to answer whether 
earlier AVR compared with frequent clinical surveillance 
could improve the survival in patients with impaired 
GLS and moderate AS.

Study Limitations
Our study is a retrospective, single-center study, and 
patients with poor echocardiography image for GLS 
analysis were excluded. This could result in selection 
bias. We used the compressed DICOM images for GLS 
analysis; therefore, frame rate was decreased compared 
with the raw data analysis; thus, the GLS values were 
potentially lower than expected.

Conclusions
Among patients with moderate AS and preserved 
LVEF, mortality was significantly higher in patients with 
impaired GLS compared with patients with preserved 
GLS. Even after developing symptomatic severe AS 
requiring AVR, impaired GLS at the time of moderate 
AS was associated with poor survival outcomes. A ran-
domized clinical trial is warranted to test whether those 
patients with moderate AS and impaired GLS benefit 
from an earlier intervention.

ARTICLE INFORMATION
Received September 11, 2019; accepted March 4, 2020.

The Data Supplement is available at https://www.ahajournals.org/doi/
suppl/10.1161/CIRCIMAGING.119.009958.

Correspondence

Jae K. Oh, MD, 200 First St SW, Rochester, MN 55905. Email oh.jae@mayo.edu

Affiliations

Department of Cardiovascular Medicine (D.Z., S.I., W.R.M., V.T.N., S.V.P., H.R.V., 
P.A.P., J.K.O.) and Division of Biomedical Statistics and Informatics (D.J.C.), 
Mayo Clinic, Rochester, MN. Department of Cardiology, Peking University Third 
Hospital, NHFPC Key Laboratory of Cardiovascular Molecular Biology and Regu-
latory Peptides, Beijing, China (D.Z.).

Disclosures

Dr Oh serves as a Director of the Echocardiography Core Lab at Mayo Clinic 
for Medtronic transcatheter aortic valve replacement trials and has a consult-
ing agreement with Medtronic Inc for valve projects. The other authors report 
no conflicts.

REFERENCES
	 1.	 Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP III, Guyton 

RA, O’Gara PT, Ruiz CE, Skubas NJ, Sorajja P, et al; ACC/AHA Task 
Force Members. 2014 AHA/ACC guideline for the management of 
patients with valvular heart disease: executive summary: a report of 
the American College of Cardiology/American Heart Association Task 
Force on Practice Guidelines. Circulation. 2014;129:2440–2492. doi: 
10.1161/CIR.0000000000000029

	 2.	 Falk V, Baumgartner H, Bax JJ, De Bonis M, Hamm C, Holm PJ, Iung B, 
Lancellotti P, Lansac E, Muñoz DR, et al; ESC Scientific Document Group. 
2017 ESC/EACTS Guidelines for the management of valvular heart disease. 
Eur J Cardiothorac Surg. 2017;52:616–664. doi: 10.1093/ejcts/ezx324

	 3.	 Connolly HM, Oh JK, Orszulak TA, Osborn SL, Roger VL, Hodge DO, Bailey 
KR, Seward JB, Tajik AJ. Aortic valve replacement for aortic stenosis with 
severe left ventricular dysfunction. Prognostic indicators. Circulation. 
1997;95:2395–2400. doi: 10.1161/01.cir.95.10.2395

	 4.	 Taniguchi T, Morimoto T, Shiomi H, Ando K, Kanamori N, Murata K, Kitai 
T, Kadota K, Izumi C, Nakatsuma K, et al; CURRENT AS Registry Investiga-
tors. Prognostic impact of left ventricular ejection fraction in patients with 
severe  aortic stenosis. JACC Cardiovasc Interv. 2018;11:145–157. doi: 
10.1016/j.jcin.2017.08.036

	 5.	 Ito S, Miranda WR, Nkomo VT, Connolly HM, Pislaru SV, Greason KL, 
Pellikka PA, Lewis BR, Oh JK. Reduced left ventricular ejection fraction in 
patients with aortic stenosis. J Am Coll Cardiol. 2018;71:1313–1321. doi: 
10.1016/j.jacc.2018.01.045

	 6.	 van Gils L, Clavel MA, Vollema EM, Hahn RT, Spitzer E, Delgado V, 
Nazif T, De Jaegere PP, Geleijnse ML, Ben-Yehuda O, et al. Prognostic 
implications of moderate aortic  stenosis in patients with left  ventricu-
lar systolic  dysfunction. J Am Coll Cardiol. 2017;69:2383–2392. doi: 
10.1016/j.jacc.2017.03.023

	 7.	 Spitzer E, Van Mieghem NM, Pibarot P, Hahn RT, Kodali S, Maurer MS, 
Nazif TM, Rodés-Cabau J, Paradis JM, Kappetein AP, et al. Rationale and 
design of the Transcatheter Aortic Valve Replacement to UNload the Left 
ventricle in patients with ADvanced heart failure (TAVR UNLOAD) trial. Am 
Heart J. 2016;182:80–88. doi: 10.1016/j.ahj.2016.08.009

	 8.	 Ng ACT, Prihadi EA, Antoni ML, Bertini M, Ewe SH, Ajmone Marsan N, 
Leung DY, Delgado V, Bax JJ. Left ventricular global longitudinal strain is 
predictive of all-cause mortality independent of aortic stenosis severity 
and ejection fraction. Eur Heart J Cardiovasc Imaging. 2018;19:859–867. 
doi: 10.1093/ehjci/jex189

	 9.	 Kearney LG, Lu K, Ord M, Patel SK, Profitis K, Matalanis G, Burrell LM, 
Srivastava PM. Global longitudinal strain is a strong independent predictor 
of all-cause mortality in patients with aortic stenosis. Eur Heart J Cardio-
vasc Imaging. 2012;13:827–833. doi: 10.1093/ehjci/jes115

	10.	 Fries B, Liu D, Gaudron P, Hu K, Nordbeck P, Ertl G, Weidemann F, Herrmann 
S. Role of global longitudinal strain in the prediction of outcome in pa-
tients with severe aortic valve stenosis. Am J Cardiol. 2017;120:640–647. 
doi: 10.1016/j.amjcard.2017.05.032

	11.	 Miyazaki S, Daimon M, Miyazaki T, Onishi Y, Koiso Y, Nishizaki Y, 
Ichikawa R, Chiang SJ, Makinae H, Suzuki H, et al. Global longitudinal 
strain in relation to the severity of aortic stenosis: a two-dimensional 
speckle-tracking study. Echocardiography. 2011;28:703–708. doi: 
10.1111/j.1540-8175.2011.01419.x

	12.	 Ng AC, Delgado V, Bertini M, Antoni ML, van Bommel RJ, van Rijnsoever 
EP, van der Kley F, Ewe SH, Witkowski T, Auger D, et al. Alterations in 
multidirectional myocardial functions in patients with aortic stenosis and 
preserved ejection fraction: a two-dimensional speckle tracking analysis. 
Eur Heart J. 2011;32:1542–1550. doi: 10.1093/eurheartj/ehr084

	13.	 Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, 
Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, et al. Recommen-
dations for cardiac chamber quantification by echocardiography in adults: 
an update from the American Society of Echocardiography and the Eu-
ropean Association of Cardiovascular Imaging. J Am Soc Echocardiogr. 
2015;28:1.e14–39.e14. doi: 10.1016/j.echo.2014.10.003

	14.	 Baumgartner H, Hung J, Bermejo J, Chambers JB, Evangelista A, Griffin 
BP, Iung B, Otto CM, Pellikka PA, Quinones M. Echocardiographic assess-
ment of valve stenosis: EAE/ASE recommendations for clinical practice. 
J Am Soc Echocardiogr. 2009;22:1–23; quiz 101–102. doi: 10.1016/j.
echo.2008.11.029

	15.	 Zoghbi WA, Enriquez-Sarano M, Foster E, Grayburn PA, Kraft CD, Levine 
RA, Nihoyannopoulos P, Otto CM, Quinones MA, Rakowski H, et al; Amer-
ican Society of Echocardiography. Recommendations for evaluation of the 
severity of native valvular regurgitation with two-dimensional and Dop-

D
ow

nloaded from
 http://ahajournals.org by on A

pril 10, 2020

mailto:oh.jae@mayo.edu
barre
Realce



Circ Cardiovasc Imaging. 2020;13:e009958. DOI: 10.1161/CIRCIMAGING.119.009958� April 2020 9

Zhu et al; GLS in Moderate AS

pler echocardiography. J Am Soc Echocardiogr. 2003;16:777–802. doi: 
10.1016/S0894-7317(03)00335-3

	16.	 Nagueh SF, Smiseth OA, Appleton CP, Byrd BF III, Dokainish H, Edvardsen 
T, Flachskampf FA, Gillebert TC, Klein AL, Lancellotti P, et al. Recommen-
dations for the evaluation of left ventricular diastolic function by echo-
cardiography: an update from the American Society of Echocardiography 
and the European Association of Cardiovascular Imaging. J Am Soc Echo-
cardiogr. 2016;29:277–314. doi: 10.1016/j.echo.2016.01.011

	17.	 Briand M, Dumesnil JG, Kadem L, Tongue AG, Rieu R, Garcia D, Pibarot 
P. Reduced systemic arterial compliance impacts significantly on left 
ventricular afterload and function in aortic stenosis: implications for 
diagnosis and treatment. J Am Coll Cardiol. 2005;46:291–298. doi: 
10.1016/j.jacc.2004.10.081

	18.	 Strange G, Stewart S, Celermajer D, Prior D, Scalia GM, Marwick T, Ilton 
M, Joseph M, Codde J, Playford D; National Echocardiography Database 
of Australia contributing sites. Poor long-term survival in patients with 
moderate aortic stenosis. J Am Coll Cardiol. 2019;74:1851–1863. doi: 
10.1016/j.jacc.2019.08.004

	19.	 Yechoor P, Blaustein AS, Bakaeen FG, Cornwell LD, Coselli JS, LeMaire 
SA, Chu D. The natural history of moderate aortic stenosis in a veter-
an population. J Thorac Cardiovasc Surg. 2013;145:1550–1553. doi: 
10.1016/j.jtcvs.2012.05.013

	20.	 Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M, 
Kapadia SR, Malaisrie SC, Cohen DJ, Pibarot P, et al; PARTNER 3 Inves-
tigators. Transcatheter aortic-valve replacement with a balloon-expand-
able valve in low-risk patients. N Engl J Med. 2019;380:1695–1705. doi: 
10.1056/NEJMoa1814052

	21.	 Villari B, Campbell SE, Hess OM, Mall G, Vassalli G, Weber KT, Krayenbuehl 
HP. Influence of collagen network on left ventricular systolic and diastolic 
function in aortic valve disease. J Am Coll Cardiol. 1993;22:1477–1484. 
doi: 10.1016/0735-1097(93)90560-n

	22.	 Sasayama S, Ross J Jr, Franklin D, Bloor CM, Bishop S, Dilley RB. Ad-
aptations of the left ventricle to chronic pressure overload. Circ Res. 
1976;38:172–178. doi: 10.1161/01.res.38.3.172

	23.	 Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic im-
plications of echocardiographically determined left ventricular mass in 
the Framingham Heart Study. N Engl J Med. 1990;322:1561–1566. doi: 
10.1056/NEJM199005313222203

	24.	 Marcus ML, Doty DB, Hiratzka LF, Wright CB, Eastham CL. Decreased cor-
onary reserve: a mechanism for angina pectoris in patients with aortic ste-
nosis and normal coronary arteries. N Engl J Med. 1982;307:1362–1366. 
doi: 10.1056/NEJM198211253072202

	25.	 Weidemann F, Herrmann S, Störk S, Niemann M, Frantz S, Lange V, 
Beer M, Gattenlöhner S, Voelker W, Ertl G, et al. Impact of myocardial 
fibrosis in patients with symptomatic severe aortic stenosis. Circulation. 
2009;120:577–584. doi: 10.1161/CIRCULATIONAHA.108.847772

	26.	 Barone-Rochette G, Piérard S, De Meester de Ravenstein C, Seldrum S, 
Melchior J, Maes F, Pouleur AC, Vancraeynest D, Pasquet A, Vanover-
schelde JL, et al. Prognostic significance of LGE by CMR in aortic stenosis 
patients undergoing valve replacement. J Am Coll Cardiol. 2014;64:144–
154. doi: 10.1016/j.jacc.2014.02.612

	27.	 Donal E, Bergerot C, Thibault H, Ernande L, Loufoua J, Augeul L, 
Ovize M, Derumeaux G. Influence of afterload on left ventricular 
radial and longitudinal systolic functions: a two-dimensional strain 
imaging study. Eur J Echocardiogr. 2009;10:914–921. doi: 10.1093/ 
ejechocard/jep095

	28.	 Ito S, Pislaru C, Miranda WR, Nkomo VT, Connolly HM, Pislaru SV, Pellikka 
PA, Lewis BR, Carabello BA, Oh JK. Left ventricular contractility and 
wall stress in patients with aortic stenosis with preserved or reduced ejec-
tion fraction. JACC Cardiovasc Imaging. 2020;13(2 pt 1):357–369. doi: 
10.1016/j.jcmg.2019.01.009

	29.	 Pagé A, Dumesnil JG, Clavel MA, Chan KL, Teo KK, Tam JW, Mathieu P, 
Després JP, Pibarot P; ASTRONOMER Investigators. Metabolic syndrome 
is associated with more pronounced impairment of left ventricle geom-
etry and function in patients with calcific aortic stenosis: a substudy of 
the ASTRONOMER (Aortic Stenosis Progression Observation Measuring 
Effects of Rosuvastatin). J Am Coll Cardiol. 2010;55:1867–1874. doi: 
10.1016/j.jacc.2009.11.083

	30.	 Capoulade R, Clavel MA, Dumesnil JG, Chan KL, Teo KK, Tam JW, Côté N, 
Mathieu P, Després JP, Pibarot P; ASTRONOMER Investigators. Insulin resis-
tance and LVH progression in patients with calcific aortic stenosis: a sub-

study of the ASTRONOMER trial. JACC Cardiovasc Imaging. 2013;6:165–
174. doi: 10.1016/j.jcmg.2012.11.004

	31.	 Lindman BR, Arnold SV, Madrazo JA, Zajarias A, Johnson SN, Pérez JE, 
Mann DL. The adverse impact of diabetes mellitus on left ventricular re-
modeling and function in patients with severe aortic stenosis. Circ Heart 
Fail. 2011;4:286–292. doi: 10.1161/CIRCHEARTFAILURE.110.960039

	32.	 Rieck AE, Cramariuc D, Staal EM, Rossebø AB, Wachtell K, Gerdts E. Impact 
of hypertension on left ventricular structure in patients with asymptomatic 
aortic valve stenosis (a SEAS substudy). J Hypertens. 2010;28:377–383. 
doi: 10.1097/HJH.0b013e328332fa44

	33.	 Capoulade R, Larose E, Mathieu P, Clavel MA, Dahou A, Arsenault M, 
Bédard E, Larue-Grondin S, Le Ven F, Dumesnil JG, et al. Visceral adipos-
ity and left ventricular mass and function in patients with aortic steno-
sis: the PROGRESSA study. Can J Cardiol. 2014;30:1080–1087. doi: 
10.1016/j.cjca.2014.02.007

	34.	 Cho EJ, Park SJ, Kim EK, Lee GY, Chang SA, Choi JO, Lee SC, Park SW. 
Effects of increased left ventricular wall thickness on the myocardium in 
severe aortic stenosis with normal left ventricular ejection fraction: Two- 
and three-dimensional multilayer speckle tracking echocardiography. 
Echocardiography. 2017;34:511–522. doi: 10.1111/echo.13474

	35.	 Atici A, Barman HA, Durmaz E, Demir K, Cakmak R, Tugrul S, Elitok A, 
Onur İ, Sahin İ, Oncul A. Predictive value of global and territorial longi-
tudinal strain imaging in detecting significant coronary artery disease in 
patients with myocardial infarction without persistent ST-segment eleva-
tion. Echocardiography. 2019;36:512–520. doi: 10.1111/echo.14275

	36.	 Alcidi GM, Esposito R, Evola V, Santoro C, Lembo M, Sorrentino R, Lo 
Iudice F, Borgia F, Novo G, Trimarco B, et al. Normal reference values 
of multilayer longitudinal strain according to age decades in a healthy 
population: a single-centre experience. Eur Heart J Cardiovasc Imaging. 
2018;19:1390–1396. doi: 10.1093/ehjci/jex306

	37.	 Tower-Rader A, Betancor J, Popovic ZB, Sato K, Thamilarasan M, Smedira 
NG, Lever HM, Desai MY. Incremental prognostic utility of left ventricular 
global longitudinal strain in hypertrophic obstructive cardiomyopathy pa-
tients and preserved left ventricular ejection fraction. J Am Heart Assoc. 
2017;6:e006514. doi: 10.1161/JAHA.117.006514

	38.	 Barros-Gomes S, Williams B, Nhola LF, Grogan M, Maalouf JF, Dispenzieri 
A, Pellikka PA, Villarraga HR. Prognosis of light chain amyloidosis 
with preserved LVEF: added value of 2d speckle-tracking echocardiogra-
phy to the current prognostic staging system. JACC Cardiovasc Imaging. 
2017;10:398–407. doi: 10.1016/j.jcmg.2016.04.008

	39.	 Buggey J, Alenezi F, Yoon HJ, Phelan M, DeVore AD, Khouri MG, Schulte 
PJ, Velazquez EJ. Left ventricular global longitudinal strain in patients with 
heart failure with preserved ejection fraction: outcomes following an 
acute heart failure hospitalization. ESC Heart Fail. 2017;4:432–439. doi: 
10.1002/ehf2.12159

	40.	 Tadic M, Cuspidi C, Celic V, Ivanovic B, Pencic B, Grassi G. The influence 
of sex on left ventricular strain in hypertensive population. J Hypertens. 
2019;37:50–56. doi: 10.1097/HJH.0000000000001838

	41.	 Liu JH, Chen Y, Yuen M, Zhen Z, Chan CW, Lam KS, Tse HF, Yiu KH. 
Incremental prognostic value of global longitudinal strain in patients 
with type 2 diabetes mellitus. Cardiovasc Diabetol. 2016;15:22. doi: 
10.1186/s12933-016-0333-5

	42.	 Spampinato RA, Tasca M, Borger MA, Schloma V, Dmitrieva Y, Mende 
M, Noack T, Strotdrees E, Mohr FW. Advanced symptoms are associated 
with myocardial damage in patients with severe aortic stenosis. J Cardiol. 
2017;70:41–47. doi: 10.1016/j.jjcc.2016.10.006

	43.	 Park SJ, Cho SW, Kim SM, Ahn J, Carriere K, Jeong DS, Lee SC, Park 
SW, Choe YH, Park PW, et al. Assessment of myocardial fibrosis us-
ing  multimodality imaging in severe  aortic  stenosis: comparison with 
histologic fibrosis. JACC Cardiovasc Imaging. 2019;12:109–119. doi: 
10.1016/j.jcmg.2018.05.028

	44.	 Musa TA, Treibel TA, Vassiliou VS, Captur G, Singh A, Chin C, Dobson 
LE, Pica S, Loudon M, Malley T, et al. Myocardial scar and mortal-
ity in severe aortic stenosis. Circulation. 2018;138:1935–1947. doi: 
10.1161/CIRCULATIONAHA.117.032839

	45.	 Farsalinos KE, Daraban AM, Ünlü S, Thomas JD, Badano LP, Voigt JU. 
Head-to-head comparison of global longitudinal strain measurements 
among nine different vendors: The EACVI/ASE Inter-Vendor Compari-
son Study. J Am Soc Echocardiogr. 2015;28:1171,e2–1181, e2. doi: 
10.1016/j.echo.2015.06.011

D
ow

nloaded from
 http://ahajournals.org by on A

pril 10, 2020




