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ABSTRACT

AIMS
Pressure overload in aortic stenosis (AS) and both pressure and volume overload in aor-
tic regurgitation (AR) induce concentric and eccentric hypertrophy, respectively. These
structural changes influence left ventricular (LV) mechanics, but little is known about
the time course of LV remodelling and mechanics after aortic valve surgery (AVR) and its
differences in AS versus AR. The present study aimed to characterize the time course of
LV mass index (LVMI) and LV mechanics (by LV global longitudinal strain [LV GLS]) after
AVR in AS vs. AR.

METHODS AND RESULTS
Two hundred and eleven (61±14 years, 61% male) patients with severe AS (63%) or AR
(37%) undergoing surgical AVR with routine echocardiographic follow-up at 1, 2 and/or
5 years were evaluated. Before AVR, LVMI was larger in AR patients compared to AS.
Both groups showed moderately impaired LV GLS, but preserved LV ejection fraction.
After surgery, both groups showed LV mass regression, although a more pronounced de-
cline was seen in AR patients. Improvement in LV GLS was observed in both groups, but
characterized by an initial decline in AR patients while LV GLS in AS patients remained
initially stable.

CONCLUSIONS
In severe AS and AR patients undergoing AVR, LV mass regression and changes in LV GLS
are similar despite different LV remodelling before AVR. In AR, relief of volume overload
led to reduction in LVMI and an initial decline in LV GLS. In contrast, relief of pressure
overload in AS was characterized by a stable LV GLS and more sustained LV mass regres-
sion.
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INTRODUCTION

I N severe aortic stenosis (AS) and severe chronic aortic regurgitation (AR), aortic valve
replacement (AVR) is indicated when patients have symptoms or show signs of left

ventricular (LV) dysfunction [1, 2]. The pathophysiology of these two valvular heart dis-
eases and the time course of LV remodelling and development of symptoms are different.
While AS induces a pressure overload on the left ventricle, AR imposes both a pressure
and a volume overload. These abnormal hemodynamic conditions induce different re-
modelling responses of the LV: concentric hypertrophy due to increased muscle fibre
diameter and parallel addition of new myofibrils occurs in AS, whereas in AR the growth
of cardiomyocytes and the addition of new sarcomeres in series induces eccentric re-
modelling and LV dilation [3]. In both situations, there is increased formation of intersti-
tial fibrosis that may not regress when the volume and/or pressure overload are relieved
after AVR [3–6]. These structural changes influence LV mechanics and, although LV ejec-
tion fraction (LVEF) may be preserved for long time, measures of LV deformation such
as LV global longitudinal strain (GLS) assessed by speckle tracking imaging have shown
that the LV systolic function may be impaired at earlier stages [7–10]. Impaired LV GLS
prior to AVR has been correlated with adverse outcomes after AVR in both AS and AR
[11, 12]. However, little is known about the time course of LV remodelling and LV me-
chanics after AVR and how they differ in patients with AS vs. patients with AR. Therefore,
the present study characterizes and compares the time course of LV remodelling and
changes in LV mechanics as assessed with 2-dimensional speckle tracking LV GLS after
AVR in AS vs. AR.

METHODS

STUDY POPULATION AND DATA COLLECTION

From an ongoing registry of patients with aortic valve disease, patients with severe AS or
AR who underwent surgical aortic valve replacement or repair (AVR) at the Leiden Uni-
versity Medical Center were selected based on echocardiographic data available at base-
line (prior to surgery) and at least one or more echocardiograms at specific follow-up
times: within 1 year after surgery and/or at approximately 2- and/or 5-year follow-up.
Patients with concomitant coronary artery bypass grafting (CABG) and elective aortic
surgery were not excluded. If reoperation of the aortic valve and/or aortic root was per-
formed during follow-up, the last transthoracic echocardiogram before reoperation was
used for the analysis. Reasons for patient exclusion were: non-severe AS or AR, previous
mitral valve replacement or AVR, active endocarditis, type A aortic dissection or non-
feasible LV GLS analysis due to insufficient data.

Demographic and clinical data were collected using electronic records (EPD Vision,
version 11.4.29.0, EPD Vision, Leiden, The Netherlands). Echocardiographic data was
digitalized and stored in the departmental server (Imagevault, GE Healthcare, Norway).
The institutional review board approved this retrospective analysis of clinically acquired
data and waived the need for patient written informed consent.
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TWO-DIMENSIONAL TRANSTHORACIC ECHOCARDIOGRAPHY

All patients underwent transthoracic echocardiography prior to surgery. Images were
acquired with patients at rest in the left decubitus position using commercially available
ultrasound systems (System 5, Vivid 7 and E9, GE Healthcare, Vingmed, Horten, Nor-
way) equipped with 3.5-MHz or M5S transducers. Two-dimensional, color, pulsed- and
continuous-wave Doppler data were obtained in parasternal and apical views. Data were
stored digitally and analysed offline retrospectively on a dedicated workstation (EchoPac
version BT13; GE Medical Systems). Apical 2- and 4-chamber views were used for quan-
tification of LV end-diastolic and end-systolic volumes and LVEF was calculated using
the Simpson’s biplane method [13]. LV dimensions and wall thicknesses were measured
on M-mode recordings of the parasternal long-axis view. LV mass was calculated ac-
cording to the formula of Devereux et al. and was indexed (LVMI) to body surface area
[13]. Two-dimensional speckle tracking longitudinal strain analysis was performed on
the apical 2-, 3- and 4-chamber views to calculate LV GLS [13]. Aortic valve mean and
peak gradients were evaluated using continuous-wave Doppler on the 3- or 5-chamber
LV apical views with the simplified Bernoulli equation. Pulsed-wave Doppler recordings
of the LV outflow tract were obtained on the same apical views and the aortic valve area
was calculated using the continuity equation [14]. Severe AS was defined based on an
aortic valve area <1.0 cm2 or indexed aortic valve area <0.6 cm2/m2 and/or mean trans-
valvular pressure gradient ≥40 mmHg and/or peak aortic jet velocity ≥4 m/s [14]. AR
grade was assessed using a multi-parametric approach that included the measurement
of the vena contracta on the parasternal long-axis view or the apical 3- or 5-chamber
views, the ratio between the regurgitant jet width and the LV outflow tract diameter on
color M-mode recordings on the parasternal long-axis views and the diastolic flow rever-
sal velocity on the suprasternal view of the aortic arch [15]. In addition, the pressure half
time was measured from continuous-wave Doppler recordings of the regurgitant jet on
the apical 3- or 5-chamber views [15].

FOLLOW-UP

Patients were evaluated after AVR at the outpatient clinic of the Leiden University Medi-
cal Center. Transthoracic echocardiography was performed at the discretion of the treat-
ing physician. Left ventricular dimensions and function, including LV GLS, were mea-
sured. Echocardiograms performed within 1 year (0-12 months), at 2 years and/or at 5
years after AVR were analysed. If more than one echocardiogram was performed within
one time period, the latest one was analysed.

STATISTICAL ANALYSIS

Categorical variables are presented as numbers and percentages. Continuous variables
are presented as mean±standard deviation or median and interquartile range if not nor-
mally distributed. Comparison of continuous variables between the AS and AR groups at
baseline (prior to AVR) were performed using the Student’s independent t test or Mann-
Whitney U test (for normally or non-normally distributed variables, respectively) and
categorical variables using χ2 test or Fisher’s exact test, as appropriate. Linear mixed
model analyses were used to assess changes in LV GLS, LVMI and LVEF between sequen-
tial time points. Correction for age, gender, LV end-diastolic diameter (LVEDD) at base-
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line and time between echocardiograms was applied by incorporating these parameters
in the models as fixed variables (for gender) or covariates (for age, LVEDD and time to
follow-up). Analyses were performed per separate time interval (between baseline and
1-year follow-up, 1- and 2-year follow-up and between 2- and 5-year follow-up, respec-
tively) using a stepwise approach: first, interaction between the AS and AR groups and
time (P for interaction) was assessed and then excluded from the model if not statisti-
cally significant and secondly, time as factor (P for time) was assessed and then excluded
from the model if not statistically significant. All statistical analyses were two-sided and
P values <0.05 were considered statistically significant. The SPSS software (version 23.0;
IBM, Armonk, New York) was used to perform the analyses.

Table 1: Baseline clinical characteristics of patients with aortic stenosis (AS) and aortic regurgitation (AR) un-
dergoing AVR.

Variables
Total

population
(N = 211)

Patients
with AS

(N = 132)

Patients
with AR
(N = 79)

P value

Female gender, N (%) 83 (39) 55 (42) 28 (35) 0.370
Age (years) 61.3±13.5 64.6±11.5 55.9±14.7 <0.001
BSA (m2) 1.90±0.19 1.90±0.19 1.91±0.18 0.598
Logistic EuroSCORE (%) 4.7 [2.3-8.1] 4.6 [2.7-8.0] 5.3 [2.2-9.7] 0.548
Creatinine level (µmol/ml) 85 [74-99] 87 [74-101] 84 [74-99] 0.576
Cardiovascular risk factors, N (%)

Hypertension 122 (58) 73 (55) 49 (62) 0.339
Hyperlipidaemia 81 (38) 55 (42) 26 (33) 0.206
Diabetes mellitus 22 (10) 17 (13) 5 (6) 0.132
Current smoking 50 (24) 24 (19) 26 (33) 0.018

Coronary artery disease, N (%) 85 (40) 70 (53) 15 (19) <0.001
Prior MI, N (%) 25 (11) 20 (15) 5 (6) 0.055
Systolic blood pressure (mmHg) 140.3±22.7 141.8±23.2 138.0±21.7 0.241
Diastolic blood pressure (mmHg) 76.4±11.9 79.1±11.1 71.8±12.0 <0.001
Medications, N (%)

Beta blocker 108 (52) 66 (51) 42 (54) 0.708
ACE-inhibitor/ARB 121 (59) 62 (48) 59 (76) <0.001
Diuretics 65 (31) 39 (30) 26 (33) 0.641
Spironolactone 9 (4) 2 (2) 7 (9) 0.011
Statins 100 (48) 74 (57) 26 (33) 0.001
Aspirin 81 (39) 58 (45) 23 (30) 0.027
Anticoagulation 40 (19) 19 (15) 21 (27) 0.029

Symptomatic status, N (%) 163 (78) 97 (74) 66 (85) 0.074
NYHA-classification, N (%) 0.909

I-II 159 (76) 100 (76) 59 (76)
III-IV 50 (24) 31 (24) 19 (24)

ACE, angiotensin-converting enzyme; AR, aortic regurgitation; ARB, angiotensin II receptor blocker; AS, aortic
stenosis; AVR, aortic valve replacement or repair; BSA, body surface area; MI, myocardial infarction; NYHA,
New York Heart Association functional classification.
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RESULTS

CLINICAL CHARACTERISTICS

A total of 211 patients (mean age 61.3±13.5 years, 61% male) with echocardiographic
follow-up were evaluated: severe AS was present in 132 (63%) patients and severe AR in
79 (37%) patients. The clinical characteristics of the overall population and both sub-
groups are shown in Table 1. Patients with AS were older and more often had coro-
nary artery disease and prior myocardial infarction as compared to patients with AR.
Cardiovascular risk factors were equally distributed with the exception of current smok-
ing, which was more prevalent in AR patients. Patients with AR were more frequently
treated with angiotensin-converting enzyme-inhibitors, spironolactone and anticoagu-
lants, whereas patients with AS received aspirin and statins more frequently. Both pa-
tient groups had comparable logistic EuroSCORE and New York Heart Association heart
failure symptoms.

ECHOCARDIOGRAPHIC AND PROCEDURAL CHARACTERISTICS AT BASELINE

Baseline echocardiographic and procedural characteristics of the total population and
both AS and AR patient subgroups are displayed in Table 2. The majority of patients had
tricuspid anatomy of the aortic valve (77%) whereas bicuspid valve anatomy was present
in 23%. AR patients more frequently showed bicuspid aortic valve anatomy (33% vs. 17%,
P=0.010). Patients with AR had larger LVEDD (59.8±7.4 vs. 50.2±8.3 mm, P<0.001) as
compared to AS patients. Both groups showed a preserved LVEF. During AVR, both AS
and AR patients received biological prostheses more often than mechanical prosthe-
ses. Larger valves were implanted in patients with AR. Concomitant CABG was more
frequently performed in AS patients (42% vs. 24%, P=0.009).

TIME COURSE OF LV REMODELLING AND LV MECHANICS

The total median echocardiographic follow-up duration was 57 [51 – 65] months, with
the first post-operative echocardiogram performed at 3 [0 – 7] months and subsequent
controls at 21 [17 – 25] months and 58 [53 – 66] months of follow-up after AVR.

Table 3 shows LVMI, LV GLS, LVEF and stroke volumes at baseline and follow-up. At
baseline, due to eccentric remodelling, LVMI was larger in patients with AR (154.9±40.0
vs. 127.1±36.0 g/m2, P<0.001; respectively) and stroke volume was larger (115.4±45.6
vs. 80.9±22.4 ml, P<0.001; respectively) compared to patients with AS. Both patients with
AR and AS showed preserved LVEF (53.5±9.1 vs. 55.9±11.4%, P=0.117; respectively) and
moderately impaired LV GLS (-15.3±4.1 vs. -15.1±4.3%, P=0.685; respectively). Examples
of a patient with AR and a patient with AS before and after AVR are displayed in Figure 1.

Figure 2 presents the changes in LVMI (panel A) and LV GLS (panel B) between se-
quential time points after AVR for both groups. Despite differences in LV remodelling at
baseline, both AS and AR patients showed LV mass regression and improvement in LV
GLS after AVR. Both patient groups showed significant LVMI regression within 1 year af-
ter AVR (P for time <0.001), although this decline was more pronounced in patients with
AR (P for interaction=0.001), leading to comparable LVMI after AVR in both groups (AR:
126.1±30.5 vs. AS: 113.4±31.6 g/m2; P=0.512). LVMI continued to regress in both AS and
AR patients from 1- to 2-year follow-up (P for time<0.001) and from 2- to 5-year follow-
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up (P for time=0.041) with a slightly steeper decline for the AR patient group during the
second year (P for interaction=0.08). At 2- and 5-year follow-up, no differences in LVMI
were observed between the groups (P=0.217 and P=0.485, respectively).

At 1-year follow-up after AVR, the AR group showed a further decline in LV GLS (P
for time=0.810) resulting in a significantly more impaired LV GLS compared to the AS
group (-14.0±3.9 vs. -15.0±4.0%, respectively; P=0.014). Thereafter, LV GLS significantly
improved over time during the second year (P for time <0.001) in similar magnitude for
both AS and AR patients (P for interaction=0.152) and remained stable in the period be-
tween 2- and 5-year follow-up.

Table 2: Baseline echocardiographic and procedural characteristics of patients with aortic stenosis (AS) and
aortic regurgitation (AR) undergoing AVR.

Variables
Total

population
(N = 211)

Patients
with AS

(N = 132)

Patients
with AR
(N = 79)

P value

Baseline echocardiography 0.010
Valve anatomy, N (%)

Bicuspid 49 (23) 23 (17) 26 (33)
Tricuspid 162 (77) 109 (83) 53 (67)

LV end-diastolic diameter (mm) 53.8±9.2 50.2±8.3 59.8±7.4 <0.001
LV end-diastolic volume (ml) 142.9±62.7 115.2±42.0 188.6±64.6 <0.001
LV end-systolic volume (ml) 66.8±39.2 53.5±33.4 88.7±38.3 <0.001
LV ejection fraction (%) 55.0±10.6 55.9±11.4 53.5±9.1 0.117
Aortic valve area (cm2) 1.42±1.1 0.82±0.2 2.72±1.0 <0.001
AV peak gradient (mmHg) 53.3±32.3 71.5±24.6 21.9±15.0 <0.001
AV mean gradient (mmHg) 32.7±21.5 44.4±17.5 12.5±9.2 <0.001

Procedural variables
Concomitant CABG, N (%) 74 (35) 55 (42) 19 (24) 0.009
Valve type, N (%) 0.293

Biological 135 (64) 95 (72) 40 (51)
Mechanical 59 (28) 37 (28) 22 (28)
Aortic valve repair 18 (9) - 18 (23)

Implanted valve size, N (%) < 0.001
21 mm 24 (12) 19 (14) 5 (6)
23 mm 53 (25) 47 (36) 6 (8)
25 mm 62 (29) 42 (32) 19 (24)
27 mm 34 (16) 19 (14) 15 (19)
29 mm 22 (10) 5 (4) 17 (22)

CPB duration (min) 149 [116-189] 140 [113-183] 170 [120-217] 0.053
Aorta clamp time (min) 116 [80-143] 109 [78-139] 122 [83-154] 0.109

AR, aortic regurgitation; AS, aortic stenosis; AV, aortic valve; AVR, aortic valve replacement or repair; CABG,
coronary artery bypass grafting; CPB, cardiopulmonary bypass; LV, left ventricular.
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Figure 1: Examples of two patients with preserved LV ejection fraction before (left) and two years after AVR
(right). (Panel A) Patient with aortic regurgitation (AR) with eccentric LV hypertrophy due to increased LV
end-diastolic diameter (LVEDD). (Panel B) Patient with aortic stenosis (AS) with concentric LV hypertrophy
due to thickening of inter-ventricular septum and posterior wall. Despite differences in LV remodelling, both
patients show LV mass regression and improvement of LV GLS after AVR. AVR, aortic valve replacement or
repair; GLS, global longitudinal strain; LV, left ventricular; LVEDD, left ventricular end diastolic diameter; LVEF,
left ventricular ejection fraction; LVMI, left ventricular mass index.

Table 3: Course of LVMI, LV GLS, LV ejection fraction, and stroke volume in AS and AR after AVR.

Patients
with AS

Patients
with AR

P value

At baseline N = 132 N = 79
LVMI (g/m2) 127.1±36.0 154.9±40.0 <0.001*
LV GLS (%) -15.1±4.3 -15.3±4.1 0.685*
LVEF (%) 55.9±11.4 53.5±9.1 0.117*
Stroke volume (ml) 80.9±22.4 115.4±45.6 <0.001*

At 1-year follow-up N = 119 N = 72
LVMI (g/m2) 113.4±31.6 126.1±30.5 0.512**
LV GLS (%) -15.0±4.0 -14.0±3.9 0.014**
LVEF (%) 55.1±9.3 50.4±9.7 0.310**
Stroke volume (ml) 82.5±22.4 82.9±26.0 <0.001**

At 2-year follow-up N = 102 N = 62
LVMI (g/m2) 103.6±26.6 110.3±31.2 0.217**
LV GLS (%) -16.8±4.0 -16.3±4.1 0.133**
LVEF (%) 56.4±8.8 55.1±8.6 0.158**
Stroke volume (ml) 86.2±20.1 89.2±25.0 0.913**

At 5-year follow-up N = 129 N = 53
LVMI (g/m2) 100.7±28.8 104.7±28.9 0.485**
LV GLS (%) -17.2±4.1 -17.1±3.6 0.301**
LVEF (%) 56.8±8.9 54.8±8.1 0.255**
Stroke volume (ml) 85.9±23.5 85.9±27.3 0.328**

AR, aortic regurgitation; AS, aortic stenosis; AVR, aortic valve replacement or repair; GLS, global longitudinal
strain; LV, left ventricular; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index. *Calculated
using the Student’s independent t-test. **Calculated using linear mixed models correcting for gender, age, LV
end-diastolic diameter at baseline, and time between echocardiographic follow-up points.
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Figure 2: Changes in LV mass index (panel A) and LV mechanics (panel B) over time after AVR for patients with
AS and AR after correction for age, gender, baseline LV end-diastolic diameter and time between echocardio-
graphic follow-up points. AR, aortic regurgitation; AS, aortic stenosis; AVR, aortic valve replacement or repair;
GLS, global longitudinal strain; LV, left ventricular; LVEF, left ventricular ejection fraction; LVMI, left ventricular
mass index.

DISCUSSION

T HE present study demonstrates that in severe AS and severe AR patients undergoing
AVR, LV mass regression and changes in LV GLS are similar despite showing differ-

ent LV remodelling before AVR. However, in patients with AR, the reduction in LVMI was
more pronounced during the first year of follow-up as compared to AS patients. In addi-
tion, LV GLS showed an initial impairment in AR patients during the first year after AVR.
The reduction (within 1 year) in LV end-diastolic dimensions as a response to the relief of
volume overload led to a reduction in LVMI and, according to the Frank-Starling law, an
impairment in LV GLS in AR patients. In contrast, relief of pressure overload in patients
with AS was characterized by a stable LV GLS and a more sustained regression of LVMI
during follow-up.

PRE- AND POSTOPERATIVE LV REMODELLING IN AS AND AR
Hemodynamic overload conditions imposed onto the left ventricle, characterized by
pressure overload in AS and both volume and pressure overload in AR, result in remod-
elling of the LV to normalize wall stress and to maintain the systolic function. AS is char-
acterized by LV concentric hypertrophy, whereas in AR eccentric hypertrophy with LV
dilatation is observed. These structural changes are accompanied by myocardial oxygen
demand mismatch and progressive myocardial fibrosis that may lead to LV systolic dys-
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function in both AS and AR, even before symptoms develop [3, 16]. At this time, AVR is
strongly recommended [1, 2]. Following surgery, the immediate reduction in afterload
has been shown to improve LV systolic function and to result in prompt LV mass reduc-
tion in both AS and AR patients [16, 17]. In AS, multiple studies have demonstrated that
excessive LV hypertrophy is independently associated with increased mortality after AVR
[18–20]. Similarly, larger LV mass in severe AR patients is associated with mortality and
impaired LV systolic function after intervention [21, 22]. LV mass regression after AVR
seems critical for clinical improvement and long-term survival [23]. Several studies have
described the time course of LV mass regression in severe AS patients within 12 months
after intervention [24, 25]. In a more recent longitudinal assessment of the cohort A in
the Placement of AoRTic TraNscathetER Valve Trial (PARTNER) I trial, Daubert et al. [26]
showed sustained LV mass regression up to 5 years after surgical AVR. In contrast, the
postoperative LV mass regression process in patients with AR is less extensively studied.
Studies performing sequential measurements of LV dimensions showed a steep decline
of indexed LV diameters in the early postoperative period and at 1- to 2-year follow-up
with stabilization of this reduction thereafter [22, 27].

How the time course of LV mass regression after aortic valve intervention in severe
AS compares to patients with severe AR has not been extensively studied. Monrad et
al. [17] demonstrated that the greatest fall in LVMI occurred 1 to 2 years after surgery for
both AS and AR and that LV mass regression continued until late postoperative follow-up
(mean 8.1±2.9 years). More recently, and using the presently recommended formula for
the calculation of LVMI [13], Une et al. [28] showed a steep decline in LVMI in both AS
and AR during the first 24 months after surgery without further significant reduction at
longer term follow-up in both patient groups. Of note, patients with AR showed a larger
LV mass regression as compared to AS patients [28]. However, the reduction in LVMI
among AR patients occurred at a slower pace than in patients with AS. The present study
provides further insight in the time course of LV mass regression in AS and AR patients by
demonstrating, using sequential echocardiographic measurements, a marked decline of
LVMI in both patient groups within 1 and 2 years after surgery which continued up to
5 years after AVR. Interestingly, patients with AR showed a more pronounced and faster
regression in LV mass during the early post-operative phase as compared to AS patients.

PRE- AND POSTOPERATIVE LV MECHANICS IN AS AND AR
Timing for AVR in both AS and AR is largely guided by the presence of symptoms or LV
systolic dysfunction, conventionally expressed as a LVEF <50% [1, 2]. However, multiple
studies have demonstrated that even in an early stage, when patients are still asymp-
tomatic, subclinical myocardial dysfunction can occur [7, 11, 12]. Impaired LV GLS has
been shown in patients with severe AS or AR with preserved LVEF and has been asso-
ciated with poor prognosis, even after AVR [10, 11, 29–31]. Studies evaluating the time
course of LV GLS after surgery in AS and AR are limited. In severe AR patients treated
with AVR, Smedsrud et al. [32] and Regeer et al. [33] demonstrated a significant improve-
ment of LV GLS normalized for LV end-diastolic volume at 229±159 days and 26 [16-64]
months, respectively. For severe AS, LV GLS has been described to improve as early as
several days after AVR [34, 35]. The present study is first to describe an impaired LV GLS
in AR patients in the early period (within 1 year) after AVR compared to AS patients,
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reflecting the different responses in LV mechanics to a relief of volume vs. pressure over-
load. According to the Frank-Starling law, volume overload by AR results in an increase
in preload which stimulates force of contraction by stretching of the myocytes to main-
tain LV systolic function in the progressively dilated LV. After AVR, this preload will dra-
matically fall and chamber dimensions will decrease, resulting in a decrease of activa-
tion of the Frank-Starling mechanism. As a consequence, myocardial contraction force
will drop and most likely, longitudinal shortening of myocardial fibres will also decrease,
manifesting as a more impaired LV GLS as seen in the present study.

LIMITATIONS
Several limitations should be acknowledged. The present study was retrospective in de-
sign and performed in a single tertiary centre. Referral for AVR was left at the discre-
tion of the treating cardiologist. Therefore, referral and selection bias could have been
introduced. In this study, LVMI was calculated on 2-dimensional transthoracic echo-
cardiography using the Devereux formula [13]. Especially in the presence of eccentric
hypertrophy, a prevalent finding in AR, this approach may be inaccurate due to reliance
on the LV end-diastolic diameter of this formula. However, our analyses were corrected
for LV end-diastolic diameter at baseline, resulting in a fair comparison between AS and
AR despite differences in remodelling at baseline. Future studies using 3-dimensional
imaging methods (e.g., cardiac magnetic resonance imaging) are needed to optimize ac-
curate assessment of LV mass.

CONCLUSIONS

A FTER AVR, LV remodelling and improvement of LV mechanics occur both in AS and
AR. However, postoperative LV mass regression in AR patients was characterized by

a steep decline within 1 year after surgery and associated with a less preserved LV GLS
compared to patients with AS, who showed a more gradual and sustained LV mass re-
gression and improvement of LV mechanics. These findings provide further insight in
the differences in myocardial response to the relief of pressure overload in AS and a com-
bination of pressure and volume overload in AR, as displayed by the distinct patterns in
LV remodelling and mechanics.



9

164 9. LV REMODELLING AND MECHANICS IN AS AND AR AFTER AVR

REFERENCES
[1] Nishimura RA, Otto CM, Bonow RO, Carabello BA, Erwin JP, Guyton RA, et al. 2014 AHA/ACC

Guideline for the Management of Patients With Valvular Heart Disease: a report of the Amer-
ican College of Cardiology/American Heart Association Task Force on Practice Guidelines. J
Am Coll Cardiol. 2014;63(22):e57-185.

[2] Baumgartner H, Falk V, Bax JJ, De Bonis M, Hamm C, Holm PJ, et al. 2017 ESC/EACTS Guide-
lines for the management of valvular heart disease. Eur Heart J. 2017;38(36):2739-86.

[3] Krayenbuehl HP, Hess OM, Monrad ES, Schneider J, Mall G, Turina M. Left ventricular my-
ocardial structure in aortic valve disease before, intermediate, and late after aortic valve re-
placement. Circulation. 1989;79(4):744-55.

[4] Azevedo CF, Nigri M, Higuchi ML, Pomerantzeff PM, Spina GS, Sampaio RO, et al. Prognostic
significance of myocardial fibrosis quantification by histopathology and magnetic resonance
imaging in patients with severe aortic valve disease. J Am Coll Cardiol. 2010;56(4):278-87.

[5] Chin CWL, Everett RJ, Kwiecinski J, Vesey AT, Yeung E, Esson G, et al. Myocardial Fibrosis and
Cardiac Decompensation in Aortic Stenosis. J Am Coll Cardiol Img. 2017;10(11):1320-33.

[6] Weidemann F, Herrmann S, Störk S, Niemann M, Frantz S, Lange V, et al. Impact of myocardial
fibrosis in patients with symptomatic severe aortic stenosis. Circulation. 2009;120(7):577-84.

[7] Lancellotti P, Donal E, Magne J, Moonen M, O’Connor K, Daubert JC, et al. Risk stratification
in asymptomatic moderate to severe aortic stenosis: the importance of the valvular, arterial
and ventricular interplay. Heart. 2010;96(17):1364-71.

[8] Yingchoncharoen T, Gibby C, Rodriguez LL, Grimm RA, Marwick TH. Association of my-
ocardial deformation with outcome in asymptomatic aortic stenosis with normal ejection
fraction. Circ Cardiovasc Imaging. 2012;5(6):719-25.

[9] Ng ACT, Delgado V, Bertini M, Antoni ML, Van Bommel RJ, Van Rijnsoever EPM, et al. Alter-
ations in multidirectional myocardial functions in patients with aortic stenosis and preserved
ejection fraction: a two-dimensional speckle tracking analysis. Eur Heart J. 2011;32(12):1542-
50.

[10] Ewe SH, Haeck MLA, Ng ACT, Witkowski TG, Auger D, Leong DP, et al. Detection of subtle
left ventricular systolic dysfunction in patients with significant aortic regurgitation and pre-
served left ventricular ejection fraction: speckle tracking echocardiographic analysis. Eur
Heart J Cardiovasc Imaging. 2015;16:992-9.

[11] Alashi A, Mentias A, Abdallah A, Feng K, Gillinov AM, Rodriguez LL, et al. Incremental Prog-
nostic Utility of Left Ventricular Global Longitudinal Strain in Asymptomatic Patients With
Significant Chronic Aortic Regurgitation and Preserved Left Ventricular Ejection Fraction. J
Am Coll Cardiol Img. 2018;11(5):673-82.

[12] Kearney LG, Lu K, Ord M, Patel SK, Profitis K, Matalanis G, et al. Global longitudinal strain
is a strong independent predictor of all-cause mortality in patients with aortic stenosis. Eur
Heart J Cardiovasc Imaging. 2012;13(10):827-33.

[13] Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L, et al. Recommenda-
tions for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from
the American Society of Echocardiography and the European Association of Cardiovascular
Imaging. Eur Heart J Cardiovasc Imaging. 2015;16(3):233-71.



9

165

[14] Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein S, et al. Recom-
mendations on the echocardiographic assessment of aortic valve stenosis: a focused update
from the European Association of Cardiovascular Imaging and the American Society of Echo-
cardiography. Eur Heart J Cardiovasc Imaging. 2017;18(3):254-75.

[15] Lancellotti P, Tribouilloy C, Hagendorff A, Popescu BA, Edvardsen T, Pierard LA, et al. Rec-
ommendations for the echocardiographic assessment of native valvular regurgitation: an
executive summary from the European Association of Cardiovascular Imaging. Eur Heart
J Cardiovasc Imaging. 2013;14(7):611-44.

[16] Carabello BA. Aortic regurgitation: a lesion with similarities to both aortic stenosis and mitral
regurgitation. Circulation. 1990;82(3):1051-3.

[17] Monrad ES, Hess OM, Nonogi H, Corin WJ, Krayenbuehl HP. Time course of regression of left
ventricular hypertrophy after aortic valve replacement. Circulation. 1988;77(6):1345-55.

[18] Orsinelli DA, Aurigemma GP, Battista S, Krendel S, Gaasch WH. Left ventricular hypertro-
phy and mortality after aortic valve replacement for aortic stenosis. J Am Coll Cardiol.
1993;22(6):1679-83.

[19] Cioffi G, Faggiano P, Vizzardi E, Tarantini L, Cramariuc D, Gerdts E, et al. Prognostic effect
of inappropriately high left ventricular mass in asymptomatic severe aortic stenosis. Heart.
2011;97(4):301-7.

[20] Capoulade R, Clavel MA, Le Ven F, Dahou A, Thébault C, Tastet L, et al. Impact of left ventricu-
lar remodelling patterns on outcomes in patients with aortic stenosis. Eur Heart J Cardiovasc
Imaging. 2017;18(12):1378-87.

[21] Brown ML, Schaff HV, Suri RM, Zhuo L, Sundt TM, Dearani JA, et al. Indexed Left Ventricular
Dimensions Best Predict Survival After Aortic Valve Replacement in Patients With Aortic Valve
Regurgitation. Ann Thorac Surg. 2009;87(4):1170-6.

[22] Murashita T, Schaff HV, Suri RM, Daly RC, Li Z, Dearani JA, et al. Impact of Left Ventricular
Systolic Function on Outcome of Correction of Chronic Severe Aortic Valve Regurgitation:
Implications for Timing of Surgical Intervention. Ann Thorac Surg. 2017;103(4):1222-8.

[23] Ali A, Patel A, Ali Z, Abu-Omar Y, Saeed A, Athanasiou T, et al. Enhanced left ventricular mass
regression after aortic valve replacement in patients with aortic stenosis is associated with
improved long-term survival. J Thorac Cardiovasc Surg. 2011;142(2):285-91.

[24] Kim SJ, Samad Z, Bloomfield GS, Douglas PS. A critical review of hemodynamic changes and
left ventricular remodeling after surgical aortic valve replacement and percutaneous aortic
valve replacement. Am Heart J. 2014;168(2):150-9.e7.

[25] Ngo A, Hassager C, Thyregod HGH, Søndergaard L, Olsen PS, Steinbrüchel D, et al. Differ-
ences in left ventricular remodelling in patients with aortic stenosis treated with transcathe-
ter aortic valve replacement with corevalve prostheses compared to surgery with porcine or
bovine biological prostheses. Eur Heart J Cardiovasc Imaging. 2018;19(1):39-46.

[26] Daubert MA, Weissman NJ, Hahn RT, Pibarot P, Parvataneni R, Mack MJ, et al. Long-Term
Valve Performance of TAVR and SAVR: A Report From the PARTNER I Trial. J Am Coll Cardiol
Img. 2017;10(1):15-25.



9

166 9. LV REMODELLING AND MECHANICS IN AS AND AR AFTER AVR

[27] Saisho H, Arinaga K, Kikusaki S. Long Term Results and Predictors of Left Ventricular Func-
tion Recovery after Aortic Valve Replacement for Chronic Aortic Regurgitation. Ann Thorac
Cardiovasc Surg. 2015;21(4):388-95.

[28] Une D, Mesana L, Chan V, Maklin M, Chan R, Masters RG, et al. Clinical impact of changes in
left ventricular function after aortic valve replacement: analysis from 3112 patients. Circula-
tion. 2015;132(8):741-7.

[29] Dahl JS, Videbæk L, Poulsen MK, Rudbæk TR, Pellikka PA, Møller JE. Global Strain in Severe
Aortic Valve Stenosis: Relation to Clinical Outcome After Aortic Valve Replacement Jordi. Circ
Cardiovasc Imaging. 2012 sep;5(5):613-20.

[30] Kusunose K, Goodman A, Parikh R, Barr T, Agarwal S, Popovic ZB, et al. Incremental prog-
nostic value of left ventricular global longitudinal strain in patients with aortic stenosis and
preserved ejection fraction. Circ Cardiovasc Imaging. 2014;7(6):938-45.

[31] Kusunose K, Agarwal S, Marwick TH, Griffin BP, Popovic ZB. Decision making in asymp-
tomatic aortic regurgitation in the era of guidelines: incremental values of resting and exer-
cise cardiac dysfunction. Circ Cardiovasc Imaging. 2014;7(2):352-62.

[32] Smedsrud MK, Pettersen E, Gjesdal O, Svennevig JL, Andersen K, Ihlen H, et al. Detection
of left ventricular dysfunction by global longitudinal systolic strain in patients with chronic
aortic regurgitation. J Am Soc Echocardiogr. 2011;24(11):1253-9.

[33] Regeer MV, Versteegh MIM, Ajmone Marsan N, Schalij MJ, Klautz RJM, Bax JJ, et al. Left ven-
tricular reverse remodeling after aortic valve surgery for acute versus chronic aortic regurgi-
tation. Echocardiography. 2016;33(10):1458-64.

[34] Dinh W, Nickl W, Smettan J, Kramer F, Krahn T, Scheffold T, et al. Reduced global longitudinal
strain in association to increased left ventricular mass in patients with aortic valve steno-
sis and normal ejection fraction: a hybrid study combining echocardiography and magnetic
resonance imaging. Cardiovasc Ultrasound. 2010;8(1):29.

[35] Carasso S, Cohen O, Mutlak D, Adler Z, Lessick J, Aronson D, et al. Relation of myocardial
mechanics in severe aortic stenosis to left ventricular ejection fraction and response to aortic
valve replacement. Am J Cardiol. 2011;107(7):1052-7.








