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Abstract
The management of asymptomatic patients with severe aortic regurgitation (AR) and preserved left ventricular (LV) systolic 
function remains controversial. We evaluated the predictive value of exercise stress echocardiography (ESE) in asymptomatic 
severe AR with preserved LV systolic function for identifying high risk patients who might benefit from early referral for 
surgery. Symptom-limited treadmill ESE was performed in 67 asymptomatic patients with severe AR (effective regurgitant 
orifice area > 30 mm2, regurgitant volume > 60 ml) and preserved LV systolic function without LV dilatation [ejection 
fraction (EF) ≥ 50% and LV end-systolic diameter ≤ 50 mm]. A post-exercise EF increase of > 4% was defined as presence 
of contractile reserve (CR). The primary outcome was defined as the composite of symptoms development, deterioration 
in LV function (EF < 50% in echocardiography) and aortic valve replacement (AVR) at follow-up. Operations performed 
within 60 days of ESE were excluded. Twenty-eight patients were CR (+) and 39 patients were CR (−). Compared with the 
CR (+) group, the CR (−) group was older (52.0 ± 14.0 years vs. 43.8 ± 10.6 years, p = 0.011) and had higher Ln N-terminal 
natriuretic peptide (NT-proBNP) [5.2 (4.5–5.7) vs. 4.1 (3.7–5.1), p = 0.001]. The CR (−) group showed lower exercise time 
than the CR (+) group (576 ± 159 s vs. 671 ± 108 s, p = 0.008). Otherwise, there were no differences in demographics and 
imaging data between the two groups. During a follow-up duration of 46 ± 23 months, the primary outcome occurred in 17 
patients (25%) including development of symptoms (n = 9), new-onset LV systolic dysfunction (n = 1) and AVR (n = 7). Four-
teen of 17 were CR (−) group patients. The survival rate during follow-up was significantly lower in the CR (−) group than 
in the CR (+) group of asymptomatic severe AR patients (log-rank p = 0.035). The absence of CR in ESE is independently 
associated with deterioration of symptoms or LV systolic function in asymptomatic patients with severe AR and preserved 
LV systolic function. It can further risk stratify asymptomatic patients with severe AR and preserved LV systolic function 
and may influence the optimal timing of AVR.
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Introduction

The management of asymptomatic severe aortic regur-
gitation (AR) and normal left ventricular (LV) systolic 
function remains controversial. According to the Ameri-
can College of Cardiology/American Heart Association 
(ACC/AHA) guidelines, aortic valve surgery is reasonable 
for asymptomatic patients with severe AR and normal LV 
systolic function [ejection fraction (EF) ≥ 50%] but with 
severe LV dilatation [LV end-systolic dimension (LVESD) 
> 50 mm or indexed LVESD > 25 mm/m2] (class IIa indi-
cation, level of evidence B) [1]. In the recently released 
European Society of Cardiology (ESC) guidelines, surgery 
should be considered in asymptomatic patients with rest-
ing EF ≥ 50% with severe LV dilatation: LV end-diastolic 
dimension (LVEDD) > 70 mm or LVESD > 50 mm [or 
LVESD > 25 mm/m2 body surface area (BSA) in patients 
with small body size] (class IIa indication, level of evi-
dence B) [2]. However, these parameters have limitations 
in detecting early LV subclinical dysfunction. In severe 
AR, even asymptomatic, chronic volume overload status 
can cause LV remodeling and fibrosis. This leads to irre-
versible dilatation and progressive deterioration in myo-
cardial contractility [3]. More reliable indications of AVR 
are needed to detect subclinical LV dysfunction and pre-
vent irreversible LV dysfunction in asymptomatic patients 
with severe AR and preserved LVEF.

Our group demonstrated although contractile reserve 
(CR) is best related to baseline resting indexed LVESD, 
one-third of patients were found to have discordance 
between the presence of CR and the LV dimension rec-
ommended for AVR in minimally symptomatic patients 
with severe AR. It suggested that exercise test may be 
able to further stratify the current guideline for AVR [4]. 
In this study, we evaluated the value of exercise stress 
echocardiography (ESE) in asymptomatic severe AR 
patients with preserved LV function and without LV dila-
tation (LVEF ≥ 50% and LVESD ≤ 50 mm) who were not 
indicated for AVR according to the current guidelines, as 
predicting high risk patients who might benefit from early 
referral for surgery.

Methods

Study population

Study subjects were selected patients with significant AR 
diagnosed by two-dimensional (2-D) echocardiography 
and referred to ESE for discrepancy between symptom 
and AR severity between November 2009 and December 

2016. Sixty-seven asymptomatic severe AR patients with 
preserved LV systolic function and without LV dilatation 
(LVEF ≥ 50% and LVESD ≤ 50 mm) were enrolled. Quan-
titative and qualitative measures of AR severity were taken 
according to the American Society of Echocardiography 
guidelines [1, 5]. The severity of AR was derived using a 
multi-parametric approach. Jet size (including vena con-
tracta), descending thoracic and abdominal aortic flow 
reversal, jet density, pressure half-time, and LV function 
were all used in this process.

To classify asymptomatic status, all initial symptoms 
assessed by the primary physician in the medical records 
were carefully reviewed by one cardiologist (S.Y.L). Patient 
information was carefully collected including baseline 
demographic characteristics, underlying medical history, 
laboratory data, and echocardiographic data at rest and dur-
ing exercise.

We included severe AR patients with preserved LV sys-
tolic function and without LV dilation (LVEF ≥ 50% and 
LVESD ≤ 50 mm) who denied cardiovascular symptoms 
assessed by New York Heart Association classification grade 
≤ 1. Exclusion criteria were other concomitant valvular heart 
disease of moderate or severe severity, significant coronary 
artery disease, history of percutaneous coronary intervention 
or coronary artery bypass graft, and suboptimal imaging. 
Significant coronary artery disease was defined as one or 
more lesions with > 50% stenosis (diameter reduction) by 
coronary angiography or coronary computed tomography 
angiography. Subjects with LV dilatation (LVESD > 50 mm) 
who were indicated for AVR in common based on current 
ACC/AHA [1] and ESC guidelines [2] were excluded. This 
study was approved by our institutional ethnic committee 
and informed consent was obtained.

Baseline and ESE

2-D echocardiography was performed using commercially 
available equipment (Vivid 7, GE Medical Systems, Mil-
waukee, WI). In all patients, LVEDD and LVESD were 
obtained from parasternal views according to standard 
guidelines. LV end-diastolic volume (LVEDV), LV end-
systolic volume (LVESV), and LVEF were calculated 
from 2-D recordings using the modified biplane Simp-
son’s method, which was chosen to allow comparison of 
pre-exercise and post-exercise LV volume [6]. Pulse-wave 
Doppler transmitral inflow velocity was obtained from 
the apical four-chamber view for assessment of diastolic 
function in accordance with the current guidelines using 
a combination of echocardiographic variables; mitral 
inflow velocity of the early phase (E) and late phase 
(A) during diastole, deceleration time, and pulsed-wave 
Doppler-derived mitral annular velocity imaging in sep-
tal wall (e′). Quantitative and qualitative measurements 
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of AR severity were taken according to the American 
Society of Echocardiography guidelines. AR severity was 
determined using an integrated approach that included the 
size of the regurgitant jet in the LV cavity, the proximal 
regurgitant jet width, the jet deceleration rate, the magni-
tude of diastolic flow reversal in the descending aorta, the 
regurgitant volume (RV) and effective regurgitant orifice 
area (ERO). Severe AR based on vena contracta width 
> 0.6 cm (semiquantitative parameter), ERO ≥ 0.30 cm2 
(quantitative parameter), RV ≥ 60 ml (quantitative param-
eter) and presence of prominent holodiastolic flow rever-
sal in the descending thoracic and abdominal aorta (qual-
itative parameter) [5, 7]. Additionally, off-line speckle 
tracking analysis was performed by one independent 
researcher who was blinded to the data using custom-
ized software (EchoPAC PC 7.05, GE Medical System) 
at two-, three-, and four chamber views. Frame rate for 
speckled tracking echocardiography was maintained at 
60–100 frames/s. Global longitudinal strain for the LV 
was automatically provided as the average value of the 
regional peak systolic longitudinal strain of the three api-
cal views.

All patients underwent a symptom-limited treadmill 
exercise echocardiography with the Bruce protocol. 
Twelve-lead electrocardiography was performed with the 
use of conventional chest lead positioning before exer-
cise, after each stage, and after stress. Blood pressure was 
recorded every 2 min. Exercise was terminated if marked 
dyspnea, fatigue, chest discomfort, or > 2-mm ST depres-
sion occurred, and on patient request. At rest and after 
peak exercise within 1 min, echocardiographic images 
were obtained. Images were stored digitally and analyzed 
offline using a standard GE analysis package (EchoPac 
PC version 7.05, GE Medical Systems) by an investiga-
tor blinded to clinical data. All echocardiography meas-
urements were averaged from three to five cardiac cycles 
[8–10].

Clinical outcome and definitions

Data were obtained until June 2017 from regular visits to 
the outpatient clinic. All patients were followed with 2-D 
echocardiography for at least 1 year. In ESE, the differ-
ence between the resting and post-exercise EF was used to 
define CR. Patients with an increase of ≥ 4% were defined 
as being CR+ [11]. The composite of development of 
symptoms such as dyspnea or chest tightness, new-onset 
LV dysfunction (EF < 50% in 2-D echocardiography dur-
ing follow-up) and AVR were defined as the primary out-
come. Primary outcome reflected only the first events if 
patients had more than one event. Operations performed 
within 60 days of ESE were excluded.

Interobserver and intraobserver variability 
for measurements of CR

Interobserver measurement variability was determined by a 
second independent blinded observer who measured resting 
EF and postexercise EF in 10 randomly selected patients. 
Intraobserver variability was determined by having the first 
observer who measured the data in all patients remeasure 
CR in 10 patients 1 month apart. Interobserver and intraob-
server variability were calculated as the absolute difference 
between the corresponding repeated measurements as a per-
cent of their mean.

Statistical analysis

All analysis was conducted with SPSS software version 23.0 
(SPSS Inc., Chicago, IL, USA). Categorical data were pre-
sented as percentages and comparison between groups was 
performed using χ2 test or Fisher exact test. Continuous vari-
ables were expressed as mean with standard deviations or 
median with interquartile range. They were compared using 
the Student’s t test or Mann–Whitney U test, as appropri-
ate. Event free survival curves were estimated using the 
Kaplan–Meier method and compared using the log-rank test. 
All p values were two-tailed, and p < 0.05 was considered 
statistically significant.

Results

Among asymptomatic patients with severe AR with pre-
served LV systolic function (LVEF ≥ 50%) (n = 91) who 
underwent ESE, 67 subjects were eligible for this study. The 
total population included 67 patients with 48 men (72%), 
and a mean age of 48.6 ± 13.8 years (Fig. 1). The mean dura-
tion from diagnosis of AR was 17.7 ± 28.0 months.

The study population was divided into two groups based 
on presence of CR. CR (+) was noted in 28 and CR (−) 
in 39 patients. Baseline characteristics of CR (+) and CR 

Fig. 1   Patient flow chart. AR aortic regurgitation, AVR aortic valve 
replacement, ESE exercise stress echocardiography, LV left ventricle, 
VHD valvular heart disease
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Table 1   Baseline characteristics

Data are presented as n (%), mean ± SD or median with interquartile range
ACEi angiotensin-converting enzyme inhibitor, ARB angiotensin receptor antagonist, BSA body surface 
area, DBP diastolic blood pressure, NT-proBNP N-terminal pro-B type natriuretic peptide, SBP systolic 
blood pressure

Total (n = 67) Without CR (n = 39) With CR (n = 28) p-value

Age, years 48.6 ± 13.3 52.0 ± 14.0 43.8 ± 10.6 0.011
Male 48 (72%) 26 (67%) 22 (79%) 0.411
Diabetes 4 (6%) 3 (8%) 1 (4%) 0.635
Hypertension 55 (82%) 33 (85%) 22 (79%) 0.748
BSA, m2 1.75 ± 0.19 1.74 ± 0.21 1.76 ± 0.17 0.629
SBP, mmHg 121.4 ± 15.9 122.9 ± 17.6 119.3 ± 13.1 0.360
DBP, mmHg 61.0 ± 8.1 62.6 ± 7.7 58.9 ± 8.2 0.066
Heart rate, beat/min 79.8 ± 14.3 78.4 ± 12.8 81.8 ± 16.0 0.339
Laboratory findings
 Creatinine, mg/dl 1.0 (0.0–1.0) 1.0 (0.0–1.0) 1.0 (0.0–1.0) 0.635
 Ln NT-proBNP 4.6 (4.0–5.5) 5.2 (4.5–5.7) 4.1 (3.7–5.1) 0.001

Medication
 Beta blocker 24 (36%) 14 (36%) 10 (36%) 1.000
 ACEi/ARB 41 (61%) 27 (69%) 14 (50%) 0.133
 Diuretics 28 (42%) 19 (49%) 9 (32%) 0.214

Table 2   Echocardiography and 
ESE data

Data are presented as n (%), mean ± SD or median with interquartile range
Abbreviations as in Table 1
EF ejection fraction, ERO effective regurgitant orifice, GLS global longitudinal strain, LVEDD left ven-
tricular end-diastolic diameter, LVEDV left ventricular end-systolic volume, LVESD left ventricular end-
systolic diameter, LVESV left ventricular end-systolic volume, METs metabolic equivalent

Total (n = 67) Without CR (n = 39) With CR (n = 28) p-value

Echocardiography
 EF, % 59.9 ± 4.8 59.3 ± 4.6 60.7 ± 5.0 0.247
 LVEDD, mm 64.7 ± 5.7 64.1 ± 5.8 64.7 ± 5.3 0.936
 LVESD, mm 40.8 ± 4.8 40.9 ± 4.9 40.7 ± 4.7 0.871
 ERO, mm2 24.8 ± 20.0 24.6 ± 21.0 25.0 ± 18.8 0.937
 Regurgitation volume, ml 79.5 ± 31.6 81.7 ± 33.9 76.8 ± 29.2 0.607

Exercise echocardiography
 Exercise time, seconds 616 ± 147 576 ± 159 671 ± 108 0.008
 METs 11.8 ± 2.1 11.3 ± 2.3 12.6 ± 1.5 0.010
 Max heart rate, beat/min 157.2 ± 18.2 154.7 ± 17.8 160.8 ± 18.5 0.205
 Max SBP, mmHg 193.7 ± 23.0 194.8 ± 24.6 192.1 ± 20.9 0.633
 Max DBP, mmHg 73.4 ± 16.2 75.5 ± 16.6 70.5 ± 15.5 0.212
 Pre-exercise EF, % 59.3 ± 4.3 59.5 ± 4.6 59.0 ± 3.8 0.650
 Post-exercise EF, % 61.3 ± 7.7 57.6 ± 7.5 66.4 ± 4.4 < 0.001
 Pre-exercise LVEDV, ml 230.0 ± 52.1 225.9 ± 55.1 235.7 ± 48.0 0.454
 Post-exercise LVEDV, ml 176.0 ± 38.6 178.0 ± 42.1 173.1 ± 33.7 0.609
 Pre-exercise LVESV, ml 94.4 ± 24.2 92.8 ± 26.5 96.5 ± 21.1 0.539
 Post-exercise LVESV, ml 68.9 ± 24.8 76.6 ± 27.8 58.2 ± 14.4 0.001
 Pre-exercise GLS, % − 18.5 ± 2.2 − 18.3 ± 2.0 − 18.8 ± 2.5 0.335
 Post-exercise GLS, % − 18.7 ± 2.6 − 18.1 ± 2.6 − 19.5 ± 2.5 0.036
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(−) groups were shown in Tables 1 and 2. Compared to 
patients with CR, those without CR were older (52.0 ± 14.0 
vs. 43.8 ± 10.6, p = 0.011) and had higher Ln NT-proBNP 
[5.2 (4.5–5.7) vs. 4.1 (3.7–5.1), p = 0.001]. On ESE, the CR 
(−) group showed shorter exercise time than the CR (+) 
group (576 ± 159 s vs. 671 ± 108 s, p = 0.008). Both groups 
had similar value of global longitudinal strain (GLS) at rest 
(− 18.3 ± 2.0% vs. − 18.8 ± 2.5%, p = 0.335). Otherwise, 
there were no other significant differences between the two 
groups with regard to clinical features, laboratory data, and 
imaging data. Since there were no differences represent-
ing AR severity including ERO and RV, Ln NT-proBNP, 
exercise time on ESE, and global longitudinal strain at peak 
exercise were presumed to reflect the presence of CR.

During the median follow-up duration of 46 months, 17 
participants experienced the primary outcome. Nine patients 
developed symptoms associated with AR and one patient 
experienced deterioration in LV function. After that about 
half of them (five out of 10 patients) underwent AVR. And 
seven patients underwent AVR for increased dimensions 
accepted as the basis for AVR. There was no cardiac death 
or death from all causes (Fig. 2). Fourteen of seventeen 
(82%) patients were CR (−). Cox regression analysis for 
time to primary end-point, could not be applied due to the 
relatively small number of events. However, it showed a sig-
nificant survival advantage in patients who had CR (log-rank 
p = 0.035) on the Kaplan–Meier survival curve for primary 
outcomes by the presence of CR in the total population 

(Fig. 3). Though we did not show, there was no significant 
relationship between GLS and clinical outcomes, when we 
analyzed association of the difference of GLS and clinical 
outcomes.

Measurement variability

The interobserver variability was r = 0.908 for resting EF 
and r = 0.912 for postexercise EF. Intraobserver variability 
showed r = 0.901 for resting EF, and r = 0.892 for postexer-
cise EF.

Discussion

The main finding of our study was that in asymptomatic 
severe AR patients with preserved LV systolic function and 
without LV dilatation (LVEF ≥ 50% and LVESD ≤ 50 mm), 
presence of CR on ESE demonstrated significant survival 
advantage. In this study, we investigated the predictor of 
AVR in asymptomatic patients with severe AR who were not 
recommended for AVR according to current guidelines. CR 
on ESE could predict development of LV function deteriora-
tion and symptoms, which are indications for AVR. Since 
the number of patients and events was relatively small, we 
could not apply Cox regression analysis for time to primary 
end-point. However, the Kaplan–Meier survival curve 
showed that the survival rate for a primary outcome during 
follow-up was significantly lower in the CR (−) group than 
the CR (+) group in asymptomatic severe AR patients with 
preserved LV systolic function and without LV dilatation 
(LVEF ≥ 50% and LVESD ≤ 50 mm).

AVR is recommended for asymptomatic patients with 
severe AR with LV systolic dysfunction at rest or with severe 

Fig. 2   Primary outcomes. Nine patients developed symptoms associ-
ated with AR and about half of them underwent AVR. One patient 
experienced deterioration in LV function; seven patients underwent 
AVR for increased dimensions accepted as the basis for AVR. AVR 
aortic valve replacement, HF heart failure, Sx symptoms

Fig. 3   Kaplan–Meier survival curves in asymptomatic severe AR 
patients according to the presence of CR. The survival rate during 
follow-up was significantly lower in the CR (−) group than in the CR 
(+) group of AR patients (log-rank p = 0.035)
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LV dilatation [1, 2]. However, LV systolic dysfunction or 
severe LV dilatation such as EF or LV dimension have limi-
tations for predicting early LV dysfunction in asymptomatic 
patients with chronic severe AR. Detection of early LV dys-
function is very important for decision making. However, 
significant LV dilatation and remodeling occur in severe AR 
patients who are clinically well compensated. The optimal 
management of patients who are not included in guidelines 
for AVR is not clear. Although long-term increase in load 
results in slowly progressive LV dilatation and dysfunction 
in asymptomatic severe AR, it is challenging to know when 
to operate to prevent irreversible LV dysfunction [3].

For these reasons, more reliable methods such as ESE 
are needed to detect early LV dysfunction in asymptomatic 
patients with severe chronic AR. Some studies have sug-
gested that an exercise induced decrease in LVEF is a predic-
tor of poor outcome that warrants surgery [4, 12–14]. How-
ever, most of these studies included patients who already had 
symptoms, LV dilation, or LV dysfunction at rest [4, 12, 13]. 
Wahi et al. revealed that CR on ESE was a better predictor 
of LV decompensation than resting indices in asymptomatic 
patients with severe AR with preserved LVEF and without 
LV dilatation [14]. However, the sample size of that study 
was small (n = 35) and other clinical outcomes such as new 
development of symptoms or heart failure (HF) were not 
evaluated.

Our findings were consistent with previous studies that 
CR on ESE provided important benefit of clinical determi-
nant. However, our study group was isolated and homog-
enous based on strict criteria : (1) totally asymptomatic, 
(2) severe AR based on vena contracta width > 0.6 cm 
(semiquantitative parameter), ERO ≥ 0.30 cm2 (quantitative 
parameter), RV ≥ 60 ml (quantitative parameter) and pres-
ence of prominent holodiastolic flow reversal in the descend-
ing thoracic and abdominal aorta (qualitative parameter), (3) 
preserved LV systolic function and without LV dilatation 
(EF ≥ 50% and LV-end systolic dimension ≤ 50 mm). Also, 
the sample size was larger than previous study. Primary 
outcome was defined as newly developed symptoms or HF, 
which were indications for AVR, as well as AVR.

Our group suggested that ESE may be able to further 
stratify the current guideline for AVR [4]. In present study, 
we evaluated the value of CR on ESE in asymptomatic 
severe AR patients with preserved LV function and without 
LV dilatation (LVEF ≥ 50% and LVESD ≤ 50 mm) who were 
not indicated for AVR according to the current guidelines. 
In this regard, CR on ESE might help identify high risk 
patients with asymptomatic severe AR with preserved LV 
systolic function and without LV dilatation (LVEF ≥ 50% 
and LVESD ≤ 50 mm) who would benefit from early refer-
ral for surgery.

GLS is a more sensitive marker of incipient LV dys-
function in many valvular diseases, including patients with 

chronic AR. However, previous studies using GLS in chronic 
AR have had a short follow-up duration and have used a vari-
ety of endpoints including 1-year survival, need for AVR, 
changes in LV dimensions, and improvement of symptoms. 
As such, whether GLS might provide superior risk discrim-
ination in patients with chronic AR and preserved LVEF 
regarding the timing for aortic valve intervention remains 
unclear. Even when only patients with preserved LVEF are 
considered, GLS values show marked heterogeneity, perhaps 
reflecting the preload and afterload dependence of GLS [15]. 
In recently announced study, worsening GLS was associated 
with long-term mortality, providing incremental prognostic 
value and improved reclassification in 1,063 asymptomatic 
patients with severe AR with preserved LV systolic function 
[16]. However, there was similar values of baseline GLS 
according to the presence of CR in this study, furthermore, 
change of GLS between at rest and at peak did not have 
significant relationship to clinical outcomes. It might be 
influenced by small sample size (n = 67) and events due to 
strict criteria of enrolment for asymptomatic patients with 
severe AR and preserved LV systolic function without LV 
dilation. Further large, multicenter, prospective, randomized, 
controlled trial is needed to evaluate the association between 
change of GLS according to exercise and clinical outcomes 
in asymptomatic patients with severe AR and preserved LV 
systolic function without LV dilation.

Limitations

This study has several limitations. First, it was performed 
retrospectively at a single center, and thus our series might 
not represent the characteristics of asymptomatic severe 
AR in the general population. Second, the sample size was 
relatively small, and the population that reached the pri-
mary outcome was heterogeneous and very small, which 
inhibited detailed analysis. However, the study population 
was an isolated and homogenous group (LVEF ≥ 50% and 
LVESD ≤ 50 mm) and it was meaningful that CR was a 
significant parameter predicting outcomes in this situation. 
Therefore, ESE could be valuable for helping to define sub-
sets of asymptomatic patients with severe AR and preserved 
LV systolic function and without LV dilatation in whom 
earlier treatment should be considered. Further large-scale 
multicenter prospective studies are needed to clarify the 
additive prognostic implications.

Conclusions

In asymptomatic severe AR patients with preserved LV sys-
tolic function and without LV dilatation in whom AVR is 
not indicated based on the current guidelines, the absence 
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of CR on ESE was independently associated with worsen-
ing symptoms or deteriorating LV systolic function. It can 
further risk stratify asymptomatic patients with severe AR 
and preserved LV systolic function and may influence the 
optimal timing of AVR.
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