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Abstract

Background Data on the chronological progression of myocardial changes during the course of aortic stenosis remain limited. In addition,
it is unknown whether faster progression of aortic stenosis is associated with accelerated myocardial remodelling.

Aims To describe the evolution of structural and functional echocardiographic changes over time in patients with moderate aortic
stenosis and evaluate the association with rapid valvular progression.

Methods In this retrospective longitudinal study, we included patients with a diagnosis of moderate aortic stenosis and serial echo-

and results cardiograms. Changes in echocardiographic variables over time were analysed using linear mixed-effects models. This study

included 467 patients with moderate aortic stenosis (median age 69 years, 36% female) with 2806 echocardiograms (median
of six per patient). Over a median follow-up of 4.3 years, 47% of patients developed severe aortic stenosis. Most echocar-
diographic variables changed linearly over time, with impaired relaxation, concentric remodelling and left atrial dilatation
occurring early. Concentric hypertrophy developed only after aortic stenosis became severe. Rapid valvular progression
was weakly associated with the rate of myocardial changes. Rapid progression of left ventricular mass index was accelerated
by comorbidities and was associated with an increased risk of heart failure hospitalizations.

Conclusions During progression of aortic stenosis, left atrial dilatation and impaired relaxation occur early, whereas concentric hyper-
trophy is a late finding. Rapid valvular progression is only weakly associated with enhanced myocardial remodelling, which is
accelerated by comorbidities.

* Corresponding author. Tel: 0031 503616161, Email: j.j.wykrzykowska@umcg.nl
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Left atrial dilatation and impaired relaxation occur early in aortic stenosis, whereas significant concentric hypertrophy occurs when aortic stenosis has al-
ready become severe. Progression of myocardial changes and valvular progression are weakly correlated. We hypothesize that comorbidities, such as
hypertension, obesity and atrial fibrillation, are the main driver of both myocardial changes and valvular progression in aortic stenosis.

Aortic stenosis ® Valvular heart disease ® Structural heart disease ® Remodelling
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Introduction

Aortic stenosis is a progressive disease that increases left ventricular
afterload, eventually resulting in left ventricular hypertrophy as a com-
pensatory mechanism to maintain wall stress. Although initially a
physiological response, progressive remodelling can lead to myocardial
fibrosis and left ventricular dysfunction.” These pathological changes
may lead to development of heart failure and may not be reversible
after aortic valve replacement.>™ This implies that the myocardial re-
sponse in aortic stenosis has crucial clinical implications, and potentially
could influence the timing of intervention or identify which patients
benefit most from early valve replacement.® To incorporate the myo-
cardial changes in the risk assessment of aortic stenosis, a staging clas-
sification has been proposed by Généreux et al® This staging
classification is based on the extent of structural and functional cardiac
abnormalities, referred to as cardiac damage. It has been thoroughly va-
lidated in patients with severe aortic stenosis and demonstrates evident
association with mortality and outcomes after valve replacement.” The
staging classification was developed on a theoretical framework pro-
posing that cardiac damage due to mechanical obstruction of the valve
propagates from the left ventricle towards the right ventricle in a se-
quential fashion.®® Yet, little is known about the actual evolution and
order of cardiac structural and functional changes before the onset
of severe aortic stenosis. In addition, it is unclear whether patients

with faster valvular progression of aortic stenosis have more aggressive
extravalvular myocardial remodelling. Therefore, the aim of this study
was to describe the natural history of myocardial changes over time
during progression of aortic stenosis and to evaluate the effects of rapid
valvular hemodynamic progression on the extent of extravalvular myo-
cardial remodelling.

Methods
Study design and cohort

This single-centre retrospective longitudinal study was conducted in a uni-
versity hospital in the Netherlands. We included patients who had a diagno-
sis of moderate aortic stenosis on echocardiography between December
2011 and December 2022, with two or more available transthoracic echo-
cardiograms that were at least 6 months apart and conducted before aortic
valve replacement. Moderate aortic stenosis was defined as: aor‘tlc valve
area (AVA) measured by continuity equation >1.0 and <1.5 cm?, peak jet
velocity >3.0 and <4.0 m/s and mean transvalvular gradient 220 and
<40 mm Hg. Patients with subvalvular aortic stenosis and congenital heart
disease were excluded, but patients with a bicuspid valve were included.
Patients were included regardless of left ventricular ejection fraction or
stroke volume. The local research ethics committee approved this study,
and the requirement for informed consent was waived (METc 2022/545).
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Echocardiographic changes in aortic stenosis

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Data collection

From each patient, measurements from all available echocardiograms con-
ducted after December 2011 were extracted from the electronic medical re-
cords. In case the patient underwent aortic valve replacement during
follow-up, only echocardiograms conducted before aortic valve replacement
were collected. We excluded echocardiograms conducted before December
2011 to reduce variability in image and reporting quality and completeness.
Baseline (T =0) was defined as the first echocardiogram meeting the defin-
ition of concordant moderate aortic stenosis as described above.’
Echocardiograms with no or mild aortic stenosis were therefore coded as
a negative time compared with baseline. All echocardiograms were per-
formed on GE Healthcare Vivid™ series ultrasound machines by qualified so-
nographers and supervised by echocardiography cardiologists.

Abnormal values for echocardiographic variables were defined according
to the echocardiographic guidelines regarding quantification of chamber di-
mensions, diastolic function and assessment of the right heart.'®"2 AVA
was calculated with the continuity equation using the velocity-time integral
and the left ventricular outflow tract diameter (LVOTd). As the LVOTd has
a quadratic effect on the AVA, differences in the AVA within the same pa-
tient may result from measurement error in the LVOTd. As the LVOTd is
assumed constant over time within the same patient, we obtained the me-
dian LVOTd of all echocardiograms of each patient. The median LVOTd
was subsequently used to compute the AVA.

In addition, we collected baseline demographic data, medical history,
medication use, and laboratory values. Time of aortic valve replacement
was recorded during follow-up and included both surgical and transcatheter
aortic valve replacement. The decision for aortic valve replacement was
based on the presence of severe aortic stenosis and symptoms or reduced
left ventricular function, at the discretion of the Heart Team. Patients with
moderate aortic stenosis could undergo valve replacement in case an indi-
cation for concomitant cardiac surgery existed. In addition, clinical out-
comes, such as mortality and heart failure hospitalizations, were recorded.

Statistical analysis

Continuous variables are presented as median (25th and 75th percentile)
unless stated otherwise, and categorical variables are reported as number
(percentage). Missing data were assessed and are reported as the number
of complete observations per variable at baseline.

Longitudinal changes in echocardiographic variables were modelled using
linear mixed-effects models. To account for correlation and non-
independence of echocardiographic measurements within the same patient,
a random intercept was included for each patient. Time was included as a
restricted cubic spline term to accommodate non-linear patterns over
time. Estimated trajectories of echocardiographic changes over time were
visualized using the R package ggeffects."

To define rapid progression of aortic stenosis, we first fitted a linear
mixed-effect model with AVA as the outcome variable and time as a linear
term, including a random intercept and slope for each patient."* From this
model, we extracted patient-specific slopes, indicating the rate of decline in
AVA per year, and computed the median rate of decline. Rapid and slow pro-
gression were subsequently defined as a progression rate below or above the
median rate of decline, respectively. In addition, we evaluated the correlation
between progression rate of AVA with progression rates of left ventricular
mass index (LVMI), relative wall thickness (RWT), left atrial volume index
(LAVI), and ratio of early mitral inflow velocity to average early diastolic tissue
velocity (E/e”’), using Pearson correlation. The progression rates of these
echocardiographic variables were obtained in an analogous manner.

To evaluate the association of rapid progression of aortic stenosis on the
rate of change in myocardial structure and function, rapid progression was
included in the models as an interaction effect with time. The differences
between slow and rapid progressors were assessed using contrast analyses
at 5 years before baseline, at baseline, and 5 years after baseline.

Finally, we evaluated factors associated with rapid progression of LVMI by
comparing characteristics of slow and rapid progressors. We also assessed
the association between slow and rapid progression of LVMI with clinical
outcomes, including aortic valve replacement, all-cause mortality, and heart
failure hospitalizations. Aortic valve replacement and heart failure

hospitalization were analysed using competing risk analysis with all-cause
mortality as competing risk, and survival differences between groups
were compared using Gray’s tests.

All statistical analyses were performed in R version 4.5 (R Core Team,
2026) and two-sided P-values <.05 were considered statistically significant.

Results

In total, 467 patients with moderate aortic stenosis were included in
this analysis, with 2806 available echocardiograms (median number of
six per patient)." The median age was 69 years (59-76) and 36% of pa-
tients were female. At the last available echocardiogram, 202 patients
(45%) had non-severe aortic stenosis, and 219 patients (47%) under-
went aortic valve replacement over a median follow-up period of 4.3
years. The median rate of decline in AVA was 0.08 (0.06-0.10) cm?
per year, and patients with a rate of decline in AVA >0.08 cm?* per
year were classified as rapid progressors.

Patients with rapid progression were older, had a higher BMI, and
more often had hypertension, atrial fibrillation, and chronic kidney dis-
ease. In addition, rapid progressors more often had severe aortic sten-
osis at the last echocardiogram, and had a higher proportion of aortic
valve replacement than slow progressors (Table 7). Characteristics of
patients undergoing aortic valve replacement are depicted in
Supplementary Table S1, showing that patients undergoing aortic valve
replacement were on average in the severe aortic stenosis range at the
last available echocardiogram.

Changes in structural and functional
echocardiographic variables over time

Figure 1 and Supplementary Figure S1 show the trajectories of echocar-
diographic variables over time in the overall cohort. At baseline, aortic
stenosis severity was moderate on average. Aortic valve mean gradient
became greater than 40 mm Hg at 6.2 years after the onset of moderate
aortic stenosis on average, and an AVA <1.0 cm?* was reached at 4.0
years after baseline. LVMI showed a linear increase over time and became
abnormally elevated at 4.5 years after the onset of moderate aortic sten-
osis. In contrast, RWT became abnormally elevated >0.42 at an average
of 7.6 years before the onset of moderate aortic stenosis. E/e” became
abnormal at 5.8 years before baseline and LAVI increased >34 ml/m*
at 1.2 years before the onset of moderate aortic stenosis. TAPSE did
not show a substantial change over time. RV peak pressure became mild-
ly abnormal (>35 mm Hg) at 1.4 years before the onset of moderate aor-
tic stenosis. The chronological order of myocardial changes during the
progression of aortic stenosis is summarized in Figure 2.

Patients with reduced baseline LVEF demonstrated increased LVMI,
LAVI, and worse TAPSE at onset of moderate aortic stenosis, which
persisted when aortic stenosis progressed (Supplementary Figure S2).
Progression of aortic valve parameters was not significantly different
between patients with reduced and preserved LVEF.

Association of slow and rapid progression
with changes in structural and functional
echocardiographic parameters over time

We found a weak correlation between rate of valvular progression
and rates of progression of LVMI (r=0.22, P <.001), LAVI (r=0.22,
P<.001), E/e” (r=0.16, P<.001), and RWT (r=0.19, P<.001)
(Supplementary Figure S3).

Figure 3 and Supplementary Figure S4 show the trajectories of echo-
cardiographic variables over time by rate of valvular progression (slow vs
rapid progression). Patients with rapid valvular progression had higher
LVMI (P < .01), E/e” (P <.05), LAVI (P <.001), and RV peak pressure (P
<.01) at 5 years, compared with patients with slow valvular progression.
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Table 1 Patient characteristics of slow and rapid valvular progressors at the baseline echocardiogram

Slow N =234

Rapid N =233

P-value®

Demographics
Age at diagnosis
Gender
Female
Male
BMI (kg/m?)
BMI >30 kg/m?
Medical history
Bicuspid aortic valve
Hypertension
Diabetes
Atrial fibrillation
Chronic kidney disease (eGFR <60)
Chronic dialysis
Diabetes mellitus
No
Type 1 diabetes
Type 2 diabetes
Coronary artery disease
Heart failure
COPD/asthma
Medication
Beta-blocker
ACE-inhibitors
MRA
Statin
Oral anticoagulant
Laboratory values
Haemoglobin (mmol/l)
BUN (mg/dl)
NT-proBNP (ng/l)
Echocardiography
LVEF (%)
LVEF category
<50%
>50%
SVI (ml/m?)
Moderate/severe MR
Moderate/severe TR
Moderate/severe AR
AVA (cm?)
Mean gradient (mm Hg)

467
467

467
467

467
467
467
467
467
467
467

467
467
467

467
467
467
467
467

387
386
104

467
467

462
467
461
465
467
467

67 (53, 76)

92 (39%)

142 (61%)

26.6 (23.5,30.3)
61 (26%)

50 (21%)
130 (56%)
53 (23%)
28 (12%)
12 (5.1%)
5 (21%)

181 (77%)
4 (1.7%)
49 (21%)
46 (20%)
18 (7.7%)
39 (17%)

91 (39%)
67 (29%)
5 (2.1%)
101 (43%)
23 (9.8%)

8.40 (7.60, 9.20)
18 (14, 23)
337 (136, 1231)

57.5 (55.0, 60.0)

16 (6.8%)
218 (93%)
45 (39, 50)
6 (2.6%)
5 (22%)
16 (6.8%)
1.16 (108, 1.27)
245 (224, 283)

69 (63, 75)

75 (32%)

158 (68%)

28.1 (24.6, 31.5)
81 (35%)

28 (12%
152 (65%
54 (23%
49 (1%
32 (14%)
20 (8.6%)

)
)
)
)

179 (77%)
3 (1.3%)
51 (22%)
55 (24%)
16 (6.9%)
34 (15%)

105 (45%)
78 (33%)
16 (6.9%)

112 (48%)
58 (25%)

840 (7.50, 9.20)
18 (15, 24)
309 (149, 768)

57.5 (55.0, 60.0)

25 (11%)
208 (89%)

46 (40, 52)

17 (7.3%)

12 (5.2%)

19 (8.2%)
124 (112, 1.34)
25.1 (227, 28.3)

.007
041

.007
032

.008

.001

.002
>.9

014

<.001

018
.085

<.001

Continued
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Echocardiographic changes in aortic stenosis

Table 1 Continued
N Slow N =234* Rapid N =233* P-value®
Peak jet velocity (m/s) 467 3.30 (3.10, 3.50) 3.30 (3.10, 3.50) .6
Aortic stenosis progression and outcomes
Rate of decline in AVA (cm?/year) 467 —0.06 (=0.07, —0.04) —0.10 (-0.12, —0.09) <.001
AS severity at last echo 445 .005
High-gradient severe AS 49 (22%) 79 (36%)
Low-flow low-gradient AS 24 (11%) 26 (12%)
Non-severe AS 118 (53 %) 84 (38%)
Normal-flow low-gradient AS 3 (15%) 32 (14%)
Mean gradient at last echo 447 .009
>40 mm Hg 66 (29%) 92 (41%)
20-40 mm Hg 158 (71%) 131 (59%)
AVR 467 99 (42%) 120 (52%) 047
Number of echocardiograms 467 6 (4,8) 5@3,7) <.001
Follow-up duration (years) 467 4.79 (249, 7.79) 3.90 (2.30, 6.72) .051

ACE, angiotensin-converting enzyme; AR, aortic regurgitation; AS, aortic stenosis; AVA, aortic valve area; AVR, aortic valve replacement; BMI, body mass index; BUN, blood urea nitrogen;
COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; MRA, mineralocorticoid

receptor antagonist; TR, tricuspid regurgitation.
*Median (Q1, Q3); n (%).

®Wilcoxon rank sum test; Pearson’s y test.

Determinants of rapid progression of
LVMI and association with clinical
outcomes

Characteristics of patients with slow and rapid progression of LVMI are
reported in Supplementary Table S2. Patients with rapid progression of
LVMI were older, more often male, and more often had a BMI >30 kg/
m?, atrial fibrillation, coronary artery disease, and heart failure. Patients
with rapid progression of LVMI had a higher 5-year rate of heart failure
admissions than slow progressors (6.3% vs. 2.4%, P =.035), but the
rates of aortic valve replacement or mortality were similar (Figure 4).

Discussion

To the best of our knowledge, this is one of the first studies to describe
the actual evolution of myocardial changes accompanying the progres-
sion of moderate aortic stenosis. The main findings of this study were:
(i) along the course of the progression of aortic stenosis, left atrial dila-
tation, concentric remodelling, and impaired relaxation occurred be-
fore or at the onset of moderate aortic stenosis, whereas significant
left ventricular concentric hypertrophy only developed when aortic
stenosis became severe, (i) rapid progression of aortic stenosis was
weakly associated with enhanced myocardial remodelling, and (iii) the
progression of myocardial changes and valvular stenosis is driven by
the same comorbidities or risk factors but these processes are not ne-
cessarily causally related to each other.

Evolution of myocardial changes during
aortic stenosis progression

Our findings are not completely in line with the theoretical model as
described in the cardiac damage staging system, suggesting that cardiac
changes initiate in the left ventricle and sequentially propagate

backwards towards the right ventricle.® However, it should be noted
that this system was developed in and for patients with severe aortic
stenosis. Our data suggest that impaired relaxation and wall thickening
occurred early in the course of progression. This was accompanied by
left atrial dilatation, which reflects chronically elevated left atrial pres-
sures and became significantly elevated before aortic stenosis became
severe.'>1¢

Left ventricular hypertrophy in response to chronic outflow ob-
struction is considered a hallmark of aortic stenosis. However, the
hypertrophic response is highly variable and it has been shown in car-
diac magnetic resonance studies that the degree of left ventricular
hypertrophy does not correlate well with the severity of aortic sten-
osis."” We observed a clearly increasing trend of LVMI over time, but
guideline-defined concentric hypertrophy only occurred when aortic
stenosis became severe. In contrast, a different study by Ito et al de-
monstrated that increased LVMI occurred several years before the on-
set of severe aortic stenosis.' This may be explained by the fact that Ito
et al only included patients who developed severe aortic stenosis—de-
fined as an AVA below 1.0 cm?>—and then assessed echocardiographic
changes during the time before the onset of severe aortic stenosis.'® In
our cohort, not all patients progressed towards severe aortic stenosis
and also progressed at different rates. Although all patients started with
concordant moderate aortic stenosis, this may have resulted in some
patients developing low-flow, low-gradient aortic stenosis.

Rapid valvular progression of aortic
stenosis is weakly associated with more

aggressive myocardial changes

The median rate of decline in AVA in our cohort was 0.08 cm?/year,
which is identical to the average rate, reported in a large
meta-analysis."” We did not observe a strong association between ra-
pid valvular progression of aortic stenosis and the rate of progression of
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Figure 1 Changes in echocardiographic variables over time. Background colours indicate normal values (green), mildly abnormal (yellow), moder-
ately abnormal (orange), and severely abnormal (red). Abbreviations: AVA, aortic valve area; e’, early diastolic tissue velocity; E/e’, ratio of early mitral
inflow velocity to average early diastolic tissue velocity; IVSd, end-diastolic interventricular septum thickness; LAVI, left atrial volume index; LVEDD, left
ventricular end-diastolic diameter; LVMI, left ventricular mass index; PVWd, end-diastolic posterior wall thickness; RV, right ventricle; SVI, stroke volume

index

myocardial changes. We hypothesize that while valvular and myocardial
progression may share common risk factors, they are not necessarily
causally related to each other, which may have implications for future
treatment. Indeed, our findings imply that replacing the aortic valve
alone may not be sufficient, as not all myocardial changes can be solely
attributed to aortic stenosis and may not fully recover after valve re-
placement. Furthermore, rapid progression of LVMI was associated
with higher risk of heart failure hospitalizations, which emphasizes
the importance of incorporating the myocardium in the management
of aortic stenosis. A holistic approach is likely required, including med-
ical therapy targeted at the myocardium, both during progression of
aortic stenosis and after valve replacement. On the other hand, earlier
valve replacement may avoid the detrimental effects of severe aortic
stenosis on the myocardium. Current ongoing trials investigating the
benefit of valve replacement in moderate aortic stenosis will provide
more evidence regarding this hypothesis (Management of Moderate
Aortic Stenosis by Clinical Surveillance or TAVR [NCT04889872]
and Evolut™ EXPAND TAVR Il Pivotal Trial [NCT05149755]).

Comorbidities are an important driver of

both myocardial and valvular progression

Somewhat unexpectedly, left atrial volume index, relative wall thickness
and mitral annular velocities showed abnormal values at or even before
the onset of moderate aortic stenosis. A recent analysis from the
Atherosclerosis Risk in Communities (ARIC) cohort investigated the

alterations in cardiac structure and functions during progression of aor-
tic stenosis and found similar results compared with our study, namely
that left ventricular mass and diastolic dysfunction worsen over time,
and that changes occur before the onset of significant aortic stenosis.”®
Our study confirms and complements this analysis by including more
measurements per patient. Also, patients with atrial fibrillation, heart
failure, and previous myocardial infarction were excluded from the
ARIC sub-analysis, which may have biased the findings, as these patients
often develop low-gradient aortic stenosis.

[t seems unlikely that these cardiac structural and functional abnor-
malities develop in the absence of a significant hemodynamic stenosis
without another cause. They may therefore be related to comorbid-
ities, such as coronary artery disease, hypertension or atrial fibrillation
that influence hypertrophy, diastolic function as well as valvular pro-
gression. Indeed, in patients with mild aortic stenosis, comorbidities
are largely related to the extent of cardiac damage, rather than the mag-
nitude of the peak jet velocity.?" This was also confirmed by our finding
that patients with rapid progression of LVMI had more comorbidities,
which were highly similar to the risk factors for rapid valvular
progression.14

Limitations

Several important limitations of this study should be addressed. This
was a single-centre, retrospective cohort study with a relatively small
sample size. Also, this study was conducted in a tertiary referral centre
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Figure 2 Summary of myocardial changes during the progression of aortic stenosis, depicting the approximate time relative to onset of moderate
aortic stenosis. Abbreviations: LV, left ventricle; RV, right ventricle; E/e’, ratio of early mitral inflow velocity to average early diastolic tissue velocity
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Figure 3 Unadjusted trajectories of echocardiographic variables over time in slow and rapid aortic stenosis progressors (defined as decrease in AVA
>0.08 cm?/year). Background colours indicate normal values (green), mildly abnormal (yellow), moderately abnormal (orange), and severely abnormal
(red). Abbreviations: AVA, aortic valve area; e, early diastolic tissue velocity; E/e’, ratio of early mitral inflow velocity to average early diastolic tissue
velocity; IVSd, end-diastolic interventricular septum thickness; LAV, left atrial volume index; LVEDD, left ventricular end-diastolic diameter; LVMI, left
ventricular mass index; PVWd, end-diastolic posterior wall thickness; RV, right ventricle; SVI, stroke volume index
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Figure 4 Cumulative incidence of aortic valve replacement (AVR), all-cause mortality and heart failure hospitalizations (HFH) in patients with slow
and rapid progression of left ventricular mass index (LVMI). P-values indicate Gray’s test

and may therefore not generalize to other settings. In addition, we used
echocardiographic measurements from clinical echocardiography re-
ports and did not evaluate echocardiograms in a central core labora-
tory. Also, we did not assess important markers of left ventricular
systolic function, such as global longitudinal strain or left ventricular
ejection fraction, or other sensitive markers of diastolic function such
as left atrial strain, or valvuloarterial impediance, as these markers
were not often quantified in the echocardiographic reports and hence
not available. Although echocardiography is the standard method for
the monitoring of aortic stenosis, other imaging modalities such as car-
diac magnetic resonance imaging would have allowed more detailed as-
sessment of myocardial structure and function, and CT and
dobutamine stress echocardiography would have provided more in-
sight into the severity of aortic stenosis. As this was a clinical cohort,
these investigations were only performed if clinically indicated and
not routinely, and we therefore lack information on the specific pro-
gression of changes in low-flow, low-gradient aortic stenosis. Finally,
we did not consider the influence of medical therapy on progression
of myocardial changes as these are difficult to assess in a non-
randomized cohort.

Conclusion

This hypothesis-generating study showed that specific myocardial
changes occurred at different stages of aortic stenosis progression.
In the early phase, increases in left-sided diastolic pressures and wall
thickness, impaired relaxation and increased left atrial volume were
observed. Significant concentric hypertrophy is likely to occur only
once aortic stenosis becomes severe. Rapid valvular progression of

aortic stenosis was weakly correlated with progression of myocardial
changes. Patients with more comorbidities demonstrated faster myo-
cardial changes. We hypothesize that these comorbidities, such as
hypertension, obesity, and atrial fibrillation, may be an important dri-
ver of both myocardial changes and valvular progression in aortic
stenosis.
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