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Aims We sought to investigate the association of left atrial strain with the outcome in a large cohort of patients with at least mod-
erate aortic stenosis (AS).

Methods We analysed 467 patients (mean age 80.6 + 8.2 years; 51% men) with at least moderate AS and sinus rhythm. The primary
and results study endpoint was the composite of all-cause mortality and hospitalizations for heart failure. After a median follow-up of
19.2 (inter-quartile range 12.5-24.4) months, 96 events occurred. Using the receiver operator characteristic curve analysis,
the cut-off value of peak atrial longitudinal strain (PALS) more strongly associated with outcome was <16% {area under the
curve (AUC) 0.70 [95% confidence interval (Cl): 0.63—0.78], P < 0.001}. The Kaplan—Meier curves demonstrated a higher
rate of events for patients with PALS < 16% (log-rank P < 0.001). On multivariable analysis, PALS [adjusted HR (aHR) 0.95
(95% Cl 0.91-0.99), P=0.017] and age were the only variables independently associated with the combined endpoint.
PALS provided incremental prognostic value over left ventricular (LV) global longitudinal strain, LV ejection fraction, and right
ventricular function. Subgroup analysis revealed that impaired PALS was also independently associated with outcome in the
subgroups of paucisymptomatic patients [aHR 0.98 (95% Cl 0.97-0.98), P = 0.048], moderate AS [aHR 0.92, (95% Cl 0.86—
0.98), P=0.016], and low-flow AS [aHR 0.90 (95% CI 0.83-0.98), P = 0.020].

Conclusion In our patients with at least moderate AS, PALS was independently associated with outcome. In asymptomatic patients,
PALS could be a potential marker of sub-clinical damage, leading to better risk stratification and, potentially, earlier
treatment.
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Graphical Abstract

Moderate and severe AS (n= 467 patients)
Mean follow up 19 months

Patients with PALS <16% had an increased risk of events

Deaths or HF

B Deaths or HF under medical management

Outcome: composite of death and hospitalization
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In patients with moderate and severe AS, lower PALS by 2D strain echocardiography (a cut-off of <16%) was associated with an increased risk of
experiencing events, incremental over left ventricular GLS. AS, aortic stenosis; GLS, global longitudinal strain; HF, heart failure; PALS, peak atrial

longitudinal strain.

Keywords

Introduction

Aortic stenosis (AS) is the most common valvular heart disease
requiring intervention.” Untreated symptomatic severe AS is associated
with a dismal prognosis.>* Recent data on excess mortality, associated
even with moderate AS,* the evidence of the beneficial effect of early
surgical aortic valve replacement (AVR),> and the technical advance-
ments of transcatheter AVR.® have sparked interest in broadening
the criteria for managing AS patients. Consequently, identifying markers

aortic stenosis ® speckle-tracking echocardiography e outcome e left atrium e peak atrial longitudinal strain

of sub-clinical cardiac damage related to AS has become a key to appro-
priately prompt earlier treatment.”

Beyond the known effect of the pressure overload on the left ven-
tricle (LV),2 the haemodynamic load imposed by AS may specifically de-
termine the functional and structural remodelling of the left atrium
(LA).?

Recently, peak atrial longitudinal strain (PALS), a sensitive echocar-
diographic parameter for assessing LA function, has demonstrated its
ability to refine the prognostic stratification of patients with heart
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failure (HF) and mitral regurgitation (MR).“Hz However, in the setting
of AS, only modestly sized studies are available, with contradictory re-
sults on the independent association of PALS with outcome.">™*

Hence, the aim of the present study was to examine the association
of PALS with outcome in a large cohort of patients with AS. Moreover,
we wanted to define whether PALS can provide incremental clinical and
outcome information over conventional echocardiographic measures
of valvular and ventricular functions, including LV global longitudinal
strain (GLS).

Methods

To identify the patients to include in this study, we have interrogated the
electronic echocardiographic database at two academic centres (Istituto
Auxologico Italiano, San Luca Hospital, Milan, and University Hospital of
Verona). The eligibility criteria were as follows:

® outpatients who had their transthoracic echocardiogram performed be-
tween January 2019 and June 2022 and

e at least moderate AS by quantitative echocardiographic criteria’ [peak
aortic jet velocity >3 m/s or transaortic mean gradient >30 mmHg or
aortic valve area (AVA) <1.5 cm?].

Exclusion criteria were as follows: moderate-to-severe mitral stenosis,
severe aortic regurgitation (AR), previous aortic valve surgery/transcatheter
interventions, any established diagnosis of cardiomyopathy, missing relevant
clinical data, and poor-quality echocardiographic study unsuitable for a
speckle-tracking evaluation. Atrial fibrillation was also an exclusion criterion
as it independently impacts LA mechanics. The study was conducted in ac-
cordance with the Declaration of Helsinki and was approved by the
Institutional Review Board of both centres. The need for patient’s written
informed consent was waived due to the retrospective nature of the study.

Baseline clinical assessment

Baseline demographic and clinical features, including cardiovascular risk fac-
tors and comorbidities, were collected using the hospital database and pa-
tient information systems to retrieve a comprehensive clinical evaluation
closely related to the echocardiographic assessment.

Echocardiographic evaluation

All patients underwent a standard transthoracic echocardiography
using either an E95/E80 (GE Healthcare, Milwaukee, WI, USA) or an
Epiq 7 (Philips Medical Systems, Andover, MA, USA) ultrasound system.
Images stored were re-analysed offline using Image Arena TTA2
(TomTec Imaging Systems GmbH, Unterschleissheim, Germany) by
three experienced researchers (P.S., A.C,, and S.M.) blinded to the med-
ical history of the patients.

The quantification of LV and right ventricular (RV) sizes and functions, LV
mass, and LA and right atrial (RA) dimensions followed the current recom-
mendations.'® RV dysfunction was defined by at least one parameter among
the following: tricuspid annulus plane systolic excursion (TAPSE) <17 mm,
RV free-wall ' velocity <9.5 cm/s, or fractional area change <35%.'¢"” MR
and tricuspid regurgitation (TR) severity were graded as mild, moderate, or
severe using the recommended multi-parametric approach.'®

Pulmonary artery systolic pressure was derived from the TR jet velocity
using the simplified Bernoulli equation combined with an estimate of the RA
pressure obtained by examining the dimensions and collapsibility of the in-
ferior vena cava."®

Maximum AS jet velocity was obtained by measuring the highest vel-
ocity recorded through the aortic valve using the continuous-wave
Doppler from multiple acoustic windows (apical, suprasternal, and right
parasternal views)."> The simplified Bernoulli equation was used to de-
rive the peak transaortic pressure gradient from the maximum jet vel-
ocity. The mean pressure gradient across the aortic valve was

estimated by averaging the instantaneous gradients over the ejection
period. The LV outflow tract diameter (LVOTd) was measured from a
zoomed parasternal long-axis view in mid-systole parallel to the aortic
valve plane. The LV outflow tract velocity—time integral (VTI) was mea-
sured on the pulsed-wave Doppler trace acquired from the LV apical
three-chamber or five-chamber views with the sample volume located
on the LV side of the aortic valve. LVOTd and VTl were used to calculate
stroke volume (SV) and AVA using the continuity equation. The AS se-
verity grading followed the current recommendations.’®

Advanced speckle-tracking echocardiography (STE) was performed using
the TomTec Autostrain® software package by different operators (P.S.,
A.C., and SM.) for the assessments of LV GLS and PALS.?**2 All longitudin-
al strain parameters were expressed as absolute values.

PALS was obtained from dedicated apical four-chamber views, to avoid
the foreshortening of the LA, and by initializing three reference points: med-
ial mitral annulus, lateral mitral annulus, and the LA roof. The region of inter-
est was delineated by the software package and eventually optimized by
manual adjustments when needed.?"

STE parameters, AS quantification parameters, and LV ejection fraction
(LVEF) values were obtained by averaging values derived from at least three
consecutive cardiac cycles.

Clinical follow-up

The clinical follow-up of the enrolled patients was done by visits or tele-
phone contacts directly to the patients or with a strictly familiar figure.
The primary endpoint of the study was the composite of all-cause mortality
or hospitalizations for HF after the index echocardiographic assessment.
The secondary endpoint was mortality or HF under medical management,
obtained by censoring AVR. HF was defined according to international
guidelines as the evidence of central and/or peripheral congestion and/or
peripheral hypoperfusion requiring hospitalization for appropriate ther-
apy.”® The assignment of clinical events was performed by physicians who
were unaware of the patients’ echocardiographic and clinical characteristics.

Statistical analysis

Continuous variables are expressed as mean =+ standard deviation or as me-
dian and inter-quartile range (IQR) as appropriate. Categorical variables are
expressed as percentages. The comparison between them was computed
using Student’s t-test, Wilcoxon—Mann-Whitney test, or 3 test as appro-
priate. Receiver operator characteristic (ROC) curves were used to identify
the optimal cut-off values, specificity, and sensitivity of the LV GLS and
PALS associated with the composite endpoint, using Youden’s Index. The
Kaplan—Meier curves were used to estimate the event-free survival rates,
and the differences between groups were analysed using the log-rank and
Wilcoxon tests. Multivariable Cox proportional hazard regression was
used to test the correlation of several clinical and echocardiography vari-
ables with the combined endpoint. For multivariable analysis, the statistical
power of possible confounders was tested, and they were chosen based on
their correlation and clinical relevance, after the computation of Pearson
coefficient and variance inflation factor, considering the values between 1
and 10 as absence of collinearity. The results are presented as hazard ratio
(HR) with the corresponding 95% confidence interval (Cl). Moreover, the
relationship between the spectrum of PALS values and the risk of events
was illustrated by a spline curve.

Three subgroup analyses were also conducted defining groups as follows:
(i) paucisymptomatic group: in the presence of New York Heart
Association (NYHA) Class | or II, LVEF >50%, and non-severe MR; (ii) low-
flow AS: defined as an LV stroke volume index (SVi) <35 mL/min®* and
(iii) moderate AS: defined as an AVA between 1.0 and 1.5 cm”. %

To evaluate inter-observer and intra-observer variabilities, 20 random
patients were selected, PALS and LV GLS were measured at two different
time points by the same investigator, and a second analysis was completed
by another investigator blinded to the previous results. Intraclass correl-
ation coefficient (ICC) was used to assess inter-observer and intra-observer
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Table 1 Echocardiographic and clinical parameters (whole study cohort)

Overall population (n = 467)

Endpoint—(n=371)

Endpoint + (n = 96)

P-value®

Age (years)

Sex male

Body mass index, kg/m?
SBP (mmHg)

DBP (mmHg)
Previous AHF, n (%)
Previous syncope
Angina

NYHA Class >3
Hypertension
Dyslipidaemia
Diabetes

COPD

History of smoking
CAD

PAD

History of Ml

eGFR (mL/min/mq)
AVA (cmq)

G. mean (mmHg)
V. max (m/s)

SVi (mL/mq)

EDVI (mL/mq)
LVMI (g/mq)

RWT

LAVI (mL/mq)
LVEF (%)

TAPSE (mm)
RV-FAC (%)

E/A ratio

E' TDI wave (cm/s)
E/e’

sPAP (mmHg)

PALS (%)

LACd (%)

LaCt (%)

LV GLS (%)
Moderate or severe MR
Moderate or severe TR
Moderate AR

80.6 +8.2
237 (50.7%)
251+5.0
137+21.0
75+117
82 (17.5)
36 (7.7%)
90 (19.3%)
144 (30.8%
295 (63.1%
268 (57.4%
133 (28.5%
40 (15.0%)
119 (25.5%)
153 (32.8%)
150 (32.1%)
85 (18.2%)
57.2+259
0.91+0.29
32+16
35+09
384+86
64.3+19.7
115+ 36
0.51+022
469 +15.2
577 +121
22+4
45+7
1.02+0.7
6.5+20
138+54
38+13
20.0+9.3
11.2+£59
9.1+5.1
147 +4.4
95 (20.3%)
75 (16.0%)
52 (11.1%)

L 22222

80.1+84
191 (51.5%)
264 +5.0
1383 +18.1
76.1+11.1
53 (14.3)
32 (8.6%)
66 (17.8%)
99 (26.7%)
217 (58:4%)
218 (58.7%)
104 (28.0%)
29 (7.8%)
93 (25.1%)
119 (32.1%)
125 (33.7%)
61 (16.4%)
60.0+259
0.92+0.29
323+16.6
35+08
39.1+83
63.0+185
113+34
051+024
458 +14.7
589 +11.1
22+3
46 +7
1.02+0.50
6.6+20
134+52
36 + 11
21.1+9.0
94 +5.1
11.9+68
152 +4.2
53 (14.3%)
48 (12.9%)
35 (9.4%)

828+70
46 (47.9%)
251450
136.0+18.0
745 +11.1
29 (30.2)
4 (4%)
24 (25%)
46.9%)
81.2%)
52.0%)
30.2%)
11.4%)
27.6%)
35.4%)
26.0%)
24 (25%)
471 +235
0.85+0.31
31.0+£158
34+08
355+93
69.2+232
120+ 42
046 +0.14
514 +16.1
532+148
213
43+7
1.05+0.52
59+18
155+6.8
46 +16
158+9.2
81+52
82+67
127+438
42 (43.7%)
27 (28.1%)
17 (17.7%)

45 (
78 (
50 (
29 (
1
26 (
34
25(

0.001
0.53
0.02
0.42
0.23
0.0005
0.11
0.36
0.0002
<0.0001
0.24
0.67
0.27
0.51
0.53
0.14
0.06
<0.0001
0.04
0.76
0.25
0.001
0.008
0.067
0.84
0.002
0.0006
0.04
0.03
0.39
0.01
0.01
<0.001
<0.001
0.019
<0.001
<0.001
<0.001
0.01
0.037

Data are expressed as mean + standard deviation. Bold values represent p < 0.05 (statistical significant).
3Obtained by using t-test or Wilcoxon-Mann-Whitney test for continuous variables as appropriate or x> test for categorical variables.
AHF, acute HF; BMI, body mass index; CAD, coronary artery disease; COPD, chronic obstructive pulmonary disease; DBP, diastolic blood pressure; EDVI, end-diastolic volume index;
eGFR, estimated glomerular filtration rate (Cockcroft-Gault formula); G. mean, aortic mean gradient; LaCd, LA conduit; LaCt, LA contraction; LAVI, LA volume index; LVMI, LV mass
index; MI, myocardial infarction; PAD, peripheral artery disease; RV-FAC, RV fractional area change; RWT, relative wall thickness; SBP, systolic blood pressure; sPAP, systolic pulmonary
artery pressure; TDI, tissue doppler imaging; V. max, aortic maximum velocity.
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Figure 1 Kaplan—Meier curves for death and HF hospitalization stratified for PALS <16% vs. >16% in the entire cohort (A) and under medical man-

agement (B).

variabilities. Statistical analyses were performed using JMP 15 (SAS Institute
Inc.) and R4.3.1 (R Foundation for Statistical Computing). A two-tailed
P-value <0.05 was considered significant.

Results

Clinical and echocardiographic

characteristics of the study cohort

A total of 467 patients were included in the final analysis (see
Supplementary data online, Figure S7). Baseline clinical and echocardio-
graphic characteristics of the enrolled patients are summarized in
Table 1. On average, patients were old, with a balanced representation
of men and women, with severe AS and preserved LV function. Three
hundred fifty-two patients (75.4%) were symptomatic. Dyspnoea was
the commonest symptom (68.5%), followed by angina (19.3%) and syn-
cope (7.7%). Moreover, 17.5% had at least one prior in-hospital admission
for HF. Patients who experienced the combined endpoint were older,
were more symptomatic (NYHA Ill and IV), and had a higher prevalence
of hypertension and moderate-to-severe chronic kidney disease
(CKD) [estimated glomerular filtration rate (eGFR) <30 mL/min/m?].
Moreover, they had a higher prevalence of more than moderate MR
and TR and more than mild AR. Patients who met the study endpoint
had smaller AVA (P=0.04), lower SVi (P=0.001) and LVEF (P=
0.0006), and more impaired RV function and pulmonary vasculature.
Finally, the patients who experienced the outcome presented worse va-
lues of LV GLS and PALS.

Two hundred seven patients were classified in the moderate AS group,
276 in the paucisymptomatic AS group, and 179 in the low-flow AS group.
Overlapping between groups was reported in Supplementary data.

Association with the primary endpoint in

the whole cohort

The median follow-up of the cohort was 19.2 (IQR 12.5-24.4) months.
Ninety-six patients (20.5%) met the primary endpoint (33 hospitaliza-
tions for HF and 63 deaths for any cause without prior HF admission

during the follow-up). Fifty-three (11.4%) deaths occurred during the
first year of the follow-up. Two hundred fifteen (46%) patients under-
went AVR during the follow-up period: 197 (42.1%) transcatheter AVR
and 18 (3.9%) surgical AVR.

Using the ROC curve, the best cut-off values associated with the
outcome were 14% for LV GLS [AUC (95% CI: 0.68-0.79),
P <0.001] and 16% for PALS [AUC (95% Cl: 0.63-0.78), P < 0.001]
(see Supplementary data online, Figure S2). The Kaplan—Meier curves
for the PALS threshold demonstrated a higher rate of events for pa-
tients with PALS < 16% (event-free rate at 1 year 75+ 3% vs. 90 +
2%, log-rank P <0.001; Figure 1A). These results were maintained
even after censoring for AVR (event-free rate at 1 year 70 + 4% vs.
91 + 2%, log-rank P < 0.001; Figure 1B).

By PALS tertiles (Figure 2), patients in the lowest one (PALS <15%)
presented a higher rate of events compared with the other two groups
(event-free rate at 1 year 67 +4% vs. 88 + 3% vs. 91 + 2%, log-rank
P =10.003). In addition, when dividing the cohort into three groups ac-
cording to PALS and/or LV GLS reduction (Figure 3), we found higher
cumulative event rates in patients with both PALS and GLS reduced
values (log-rank P < 0.001), highlighting the addictive value and inter-
action between PALS and the outcome link of GLS (P for interaction =
0.04). Results were confirmed at multivariable survival analysis [HR for
either PALS or LV GLS reduced vs. preserved 3.1 (1.7-5.5) P=0.002
and HR for both PALS and GLS reduced vs. preserved 4.1 (22-7.7)
P < 0.03, adjusted for age, NYHA Class >3, transaortic mean gradient,
LVEF, presence of RV dysfunction, and LV GLS].

The parameters associated with the primary endpoint at the univari-
ate Cox regression analysis are shown in Table 2.

The additive prognostic value of PALS was evaluated along with pre-
viously reported clinical and echocardiographic parameters using a hier-
archical model % analysis (Tables 3 and 4). The addition of PALS to a
model including age, NYHA Class >3, transaortic mean gradient,
LVEF, RV dysfunction, and LV GLS improved the model, strengthening
the association with the occurrence of death or hospitalization for HF
both in the overall population and after excluding patients who under-
went AVR (Figure 4). On multivariable analysis including the main clinical
and conventional echocardiographic parameters and LV GLS, only
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A Deaths or HF
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— 96 2% =92 £ 2%
- 87 * 3% 85+3%
' T4+4%
2 06
=
€
3
]
0,4
0,2 -
Log Rank p=0.0027, Wilcoxon p=0.0003
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0 3 6 9 12
Follow-up time (months)
Number at risk
Baseline 3 months 6 months 12 months
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B Deaths or HF under medical management
1,0 98 + 1%
=~ | 9122%
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15% < PALS < 24% 154 99 92 82
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Figure 2 Kaplan—Meier curves for death and HF hospitalization stratified for PALS tertiles in the entire cohort (A) and under medical

management (B).

PALS was found to be independently associated with the combined
endpoint [aHR 0.95 (95% CI 0.91 —0.99), P=0.017].

The spline curve of mortality risk within the AS cohort (relative risk 1
represents the average mortality of the AS cohort) vs. PALS (continu-
ous variable) shows that with progressive impairment of PALS, the
events rate increases exponentially (Figure 5). The value of PALS where
the excess events rate grows is represented by the threshold of <20%
in the whole cohort; however, the risk becomes noteworthy at 16%.

A Deaths or HF
vl 99+ 1% S
’ — 2%
9L 17
08 85 + 3% 79+ 4%
12+4%
£ 05
04+
0,2+
Log Rank p<0.0001, Wilcoxon p<0.0001
0 T T T
0 3 6 k] 12
Follow - up time (months)
Baseline 3months 6 months 12 months
PALS 2 16% and GLS 2 14.5% 227 224 221 212
PALS < 16% or GLS < 14.5% 113 108 105 20
PALS <16% and GLS <14.5% 127 116 107 93

Association with the outcome of LV GLS
and PALS in different subgroups

The forest plot in Supplementary data online, Figure S4 displays the ef-
fect of the PALS and GLS patterns according to severity AS, symptoms,
and flow strata.

Furthermore, three groups of particular interest were illustrated in
Kaplan—Meier curve analysis (moderate AS, low-flow AS, and

B Deaths or HF under medical management
1o 99+ 1%
' | 93+2%
96 + 2%
08-| 81+5%
76 x5% 62 + 6%
g 06+
0,4
0.2+
Log Rank p<0.0001, Wilcoxon p<0.0001
0 T T T
1] 6 12
Follow - up time (months)
Baseline 3 months 6months 12 months
PALS > 16% and GLS 2 14.5% 227 224 221 212
PALS < 16% or GLS < 14.5% 113 74 71 58
PALS <16% and GLS < 14.5% 127 67 56 a8

Figure 3 Kaplan—Meier curves for death and HF hospitalization stratified for PALS and GLS in the entire cohort (A) and under medical

management (B).
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Table 2 Univariate Cox regression analysis (whole

study cohort)

HR (95% CI) P-value
Age 1.04 (1.02-1.07) 0.002
Previous AHF 20 (1.4-29) <0.001
NYHA Class >3 24 (1.7-34) <0.001
Hypertension 1.31 (0.92-1.88) 0.131
Severe CKD 142 (1.00-1.84) 0.049
Moderate or severe MR 1.82 (1.27-2.61) 0.001
LVMI 1.01 (1.01-1.02) 0.004
LVEDVI 1.02 (1.01-1.02) <0.001
LAVI 1.02 (1.01-1.03) <0.001
LVEF 0.97 (0.96-0.98) <0.001
Mean gradient 1.01 (1.01-1.02) 0.043
ele' 1.06 (1.02-1.10) 0.001
Svi 0.96 (0.94-0.98) <0.001
RV dysfunction 1.6 (1.05-2.6) 0.03
sPAP 1.03 (1.02-1.05) <0.001
PALS 0.95 (0.93-0.98) <0.001
LV GLS 0.46 (0.26-0.83) 0.009
LA conduit 0.95 (0.92-0.99) 0.013
LA contraction 0.96 (0.94-0.98) 0.003

Bold values represent p < 0.05 (statistical significant).

Table 3 Cox multivariable models—deaths or HF in
patients under medical management

aHR (95% CI) P-value

Model clinical + conventional echo y* = 47.1; P < 0.001

Age 1.04 (1.01-1.08) 0.024
NYHA Class >3 1.55 (1.12-3.69) 0.019
Mean gradient 1.03 (1.01-1.04) 0.002
LVEF 0.97 (0.96-0.99) 0.027
RV dysfunction 143 (0.71-2.8) 0.316
Model clinical + conventional echo + LV GLS > = 51.6;

P <0.001

Age 1.04 (1.01-1.08) 0.02
NYHA Class >3 1.72 (0.96-3.1) 0.068
Mean gradient 1.02 (1.01-1.04) 0.016
LVEF 0.98 (0.97-1.02) 0.955
RV dysfunction 0.61 (0.39-2.5) 0.556
LV GLS 0.95 (0.88-1.03) 0.015

Model clinical + conventional echo + LV GLS + PALS x’ =56.4;

AHF, acute HF; LAVI, LA volume index; LVEDVI, LV end-diastolic volume index; LVMI,
LV mass index; sPAP, systolic pulmonary artery pressure.

paucisymptomatic AS; see Supplementary data online, Table S2 and
Figures S5-S7).

At Cox regression analysis, PALS was independently associated with
outcome in the three groups: in the low-flow AS [aHR 0.90, 95% ClI
(0.83-0.98), P=0.020], in the moderate AS [aHR 0.92, 95% CI
(0.86-0.98), P=0.016], and in the paucisymptomatic AS [aHR 0.98,
95% Cl (0.97-0.98), P = 0.048].

Inter-observer and intra-observer
variabilities

The ICCs for inter-observer variability were 0.941 [95% CI (0.857—
0.976), P<0.001] for GLS and 0.976 [95% Cl (0.940-0.990), P <
0.001] for PALS. Additionally, the ICCs for intra-observer variability
were 0.972 [95% Cl (0.931-0.989), P <0.001] for GLS and 0.982
[95% CI (0.954-0.993), P < 0.001] for PALS.

Discussion

The main findings of our study performed in patients with at least mod-
erate AS can be summarized as follows: (i) PALS was independently as-
sociated with the composite outcome of HF hospitalization and death;
(if) PALS revealed an incremental value over clinical, conventional echo-
cardiography parameters of LV function and AS severity, and LV GLS;
(iii) the association with the outcome of PALS was maintained even
when tested in patient subgroups, such as paucisymptomatic patients,
moderate AS, and low-flow AS.

P <0.001
Age 1.04 (1.01-1.08) 0.104
NYHA Class >3 1.72 (0.94-2.9) 0.098
Mean gradient 1.02 (1.01-1.04) 0.008
LVEF 0.99 (0.97-1.02) 0.671
RV dysfunction 1.16 (0.57-2.4) 0.629
LV GLS 0.95 (0.86-1.05) 0.311
PALS 0.95 (0.91-0.99) 0.017

Bold values represent p < 0.05 (statistical significant).

aHR, adjusted hazard ratio; LV GLS, left ventricle global longitudinal strain; LVEF, left
ventricle ejection fraction; NYHA, New York heart association; PALS, peak atrial
longitudinal strain; RV, right ventricle.

Insights into LA dysfunction in AS

Over time, the chronic pressure overload caused by AS may determine
LV concentric hypertrophy.*® Although this compensatory mechanism
is intended to maintain the cardiac performance by decreasing LV after-
load, the increase of both the LV filling pressures and the LA pressures
may induce LA dysfunction and enlargement.9 This phenomenon, re-
cently identified as atrial cardiomyopathy,?” is sustained by molecular,
cellular, and neurohormonal interlinked pathways resulting in chronic
inflammation, atrial fibrosis, and electrophysiological changes.30 This at-
rial remodelling determined by AS was confirmed on a murine experi-
mental model of increased afterload simulating AS, which produced LA
hypertrophy and fibrosis. Atrial remodelling in AS can serve as a sub-
strate for atrial fibrillation®' and may correlate to the presence of car-
diac injury and the development of HF symptoms in AS3**? In a
multi-centre prospective observational study enrolling 745 patients
with HF,'® PALS was independently associated with LV GLS among
HF stages, thus reflecting the ability of PALS to stratify patient’s clinical
status and identify the haemodynamic consequences of LV dysfunction.
Moreover, a recent study in moderate-to-severe AS demonstrated that
PALS yielded an incremental prognostic power over n-terminal pro-B-
type natriuretic peptide (NT-proBNP) and clinical variables.* The
PALS < 16% cut-off in our study was close to the threshold reported
to identify elevated LV filling pressures and severe LV diastolic dysfunc-
tion in patients with HF and preserved ejection fraction (HFpEF).""
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Table 4 Cox multivariable models—deaths or HF

aHR (95% CI) P-value

Model clinical + echo conventional y* = 34.7; P < 0.001

Age 1.05 (1.01-1.08) 0.006
NYHA Class >3 1.72 (1.08-2.75) 0.02
Mean gradient 1.00 (0.98-1.01) 0.694
LVEF 0.98 (0.96-0.99) 0.010
RV dysfunction 0.88 (0.47-1.64) 0.696
Model clinical + echo conventional + LV GLS y* = 41.0;

P <0.001

Age 1.04 (1.01-1.08) 0.008
NYHA Class >3 1.55 (0.93-2.40) 0.095
Mean gradient 0.99 (0.98-1.01) 0.538
LVEF 1.00 (0.99-1.01) 0.820
RV dysfunction 0.78 (0.42-1.45) 0.424
LV GLS 0.90 (0.85-0.97) 0.007

Model clinical + echo conventional + LV GLS + PALS
1’ =44.9; P < 0.001
Age 1.04 (1.01-1.07) 0.03
NYHA Class >3 142 (0.89-2.23) 0.095
Mean gradient 0.99 (0.98-1.01) 0.538
LVEF 0.99 (0.97-1.01) 0.820
RV dysfunction 0.72 (0.39-1.34) 0.291
LV GLS 0.95 (0.88-1.03) 0.299
)

PALS 0.96 (0.93-0.99 0.031

Bold values represent p <0.05 (statistical significant).

aHR, adjusted hazard ratio; LV GLS, left ventricle global longitudinal strain; LVEF, left
ventricle ejection fraction; NYHA, New York heart association; PALS, peak atrial
longitudinal strain; RV, right ventricle.

Furthermore, in patients with severe AS and HFpEF, PALS correlated
to pulmonary hypertension.®® In our study, we confirmed the significant
association of PALS with outcome after adjustment for age, NYHA

A Deaths or HF
p=0.015
50 p=0.007 1
40
P
S 30+
o
7]
‘£ 204
Q
10+
0=
Clinical + Clinical + Clinical +
Conventional Echo  Conventional Echo + Conventional Echo +
GLS GLS +
PALS

class, LVEF, LV GLS, and RV dysfunction supporting its role as a surro-
gate marker of overall cardiac damage in AS. Therefore, we hypothesize
that PALS could be interpreted as a sensitive marker of cardiac damage
in patients with AS, and its incremental value, encompassing several
pathophysiological determinants of cardiac damage in AS, may go be-
yond the merely LA function.'® Of note, PALS incorporates the haemo-
dynamic consequences of LV systolic and diastolic dysfunctions, along
with the haemodynamic role of AS and MR, effectively resulting in a
‘barometric index’ of cardiac function. Thus, it synthesizes the complex
interplay between LA and LV into a single feasible value.>®

The association of PALS with outcome
in AS

Limited and sometimes controversial evidence exists for the potential
prognostic value of assessing LA mechanics using 2D STE in patients
with AS. In a preliminary study’® of 89 asymptomatic, severe AS pa-
tients, those with LV GLS <16.8% and PALS <19.8% had a higher inci-
dence of symptom-related events or death. However, only LV GLS
remained prognostically significant in the multivariate analysis.
Conversely, Galli et al.*” studied 128 patients with severe AS in sinus
rhythm, a quarter of whom underwent transcatheter AVR, and found
that PALS < 21% was a significant predictor of overall death and HF.
Another study, examining 102 moderate-to-severe AS patients,
found that PALS and LA distensibility were independently associated
with events, adjusting for the Charlson index but not LV GLS. Similar
to our findings, these authors identified PALS <17% as event-
associated.*®

A recent study by Tan et al.”" included 173 patients with at least
moderate AS and normal LVEF, followed for 2.7 years. Patients with
PALS < 20% experienced worse outcomes. Interestingly, PALS outper-
formed other echocardiographic indices, providing incremental infor-
mation to established risk markers like LV GLS, LA volume index,
and NT-proBNP.

In line with the previous paper, in our study, PALS had an incremental
prognostic power over LV GLS and the conventional echocardiograph-
ic parameters of LV function and AS severity both in the overall cohort
of the enrolled patients and in the subgroup analyses. We found a lower
cut-off value of PALS (16%) compared with the other studies.
However, we observed a progressive increase in the relative risk of ex-
periencing events starting from a PALS < 20%, which is similar to the
previous studies. PALS also identified higher risk subsets of patients

I.34

B Deaths or HF, under medical management
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604 1
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Figure 4 Hierarchical Cox regression analysis for the composite endpoint in the entire cohort (A) and under medical management (B).
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Figure 5 Spline curve to assess the relative risk of events (HF and deaths) at 1 year associated with PALS value.

with asymptomatic/mild symptomatic AS or moderate AS, according to
Sonaglioni et al.’s*® findings. Remarkably, no prior reports addressed
low-flow status. In our study, PALS also added clinical value over LV
GLS in this subgroup of patients with AS.

Extravalvular cardiac damage and AS

Concerning extravalvular cardiac damage and AS, a new staging classi-
fication considers extravalvular damage progression. The extent of car-
diac damage was associated with the 1-year mortality rate after AVR.
Patients with LA enlargement, atrial fibrillation, or significant MR
(Stage 2) faced higher event incidence than LV damage or absence of
cardiac damage, reinforcing atrial cardiomyopathy clinical impact.®”
This staging system, initially based on conventional parameters, was re-
fined and validated using LV GLS in asymptomatic patients with severe
AS* and severe AS patients undergoing transcatheter aortic valve
replacement.*’

LV GLS application in severe AS is supported by studies correlating it
with myocardial fibrosis documented with cardiac magnetic resonance
(CMR)*? and patient outcomes.** However, the afterload-mediated
hypertrophic remodelling of the LV during AS may determine per se
a reduction of the LV GLS.** Furthermore, LV GLS is not strongly re-
lated to early myocardial remodelling in the form of expansion of the
extracellular matrix determined by CMR.* These data associated
with the results of our study showing the incremental prognostic value
of PALS over LV GLS identify PALS as an additional sensitive variable to
refine the assessment of extravalvular damage in AS. Further research
should explore whether the addition of PALS may enhance this staging
classification.

Clinical implications

The results of the present study including a large cohort of patients with
at least moderate AS showed that PALS was the echocardiographic
parameter more strongly associated with outcome even after censor-
ing for AVR. The measurement of PALS may therefore improve the risk
stratification of patients with moderate-to-severe AS and identify those
who might benefit from closer follow-up or an early pre-intervention
evaluation.

Moreover, PALS has proven to stratify patients’ risk in special sub-
groups of patients such as moderate AS, low-flow AS, and asymptom-
atic/mild symptomatic AS. In a hypothetical clinical flowchart, reduced
PALS could act as a red flag, potentially prompting the implementation
of the algorithm based on current guidelines in these specific subgroups.

Limitations

Our retrospective study, while analysing a substantial AS patient co-
hort, has limitations. We have selected our patients using strict eligibility
criteria. Accordingly, the generalizability of the proposed PALS cut-off
value to the wider population needs to be assessed. PALS values have
shown significant intervendor variability, and the applicability of our
threshold values to different STE software packages remains to be
tested. To partially overcome this limitation, we used a vendor-
independent software package to measure PALS using images obtained
from multiple echocardiographic systems. We selected only patients in
sinus rhythm, since atrial fibrillation impacts PALS measurements.
Accordingly, our results do not apply to patients with atrial fibrillation.

Finally, multi-imaging data (cardiac Computed tomography or stress
echocardiography) were not available to differentiate pseudo-severe
from severe AS.

Conclusion

Our data showed that, in patients with at least moderate AS, PALS was
more strongly associated with the outcome than conventional echocar-
diographic parameters of LV function, AS severity, and LV GLS, includ-
ing patients with low-flow states, moderate AS, and paucisymptomatic
AS. PALS may improve the clinical management of patients, identifying
patients at higher risk who may benefit from closer follow-up and an
earlier treatment.

Supplementary data

Supplementary data are available at European Heart Journal -
Cardiovascular Imaging online.

Gzoz Aenuer gz uo 1senb Aq /$G109///¥6/2/Sz/2191e/buibewiolys/woo dno-olwapeoe//:sdiy wouy papeojumoq


http://academic.oup.com/ehjcimaging/article-lookup/doi/10.1093/ehjci/jeae040#supplementary-data

956

P. Springhetti et al.

Funding

None declared.

Conflict of interest: D.S. and L.B. are members of the speaker bureaus
of GE healthcare and Philips Medical Systems, and received research grants
from GE Healthcare, Philips Medical Systems, TomTec Imaging Systems,
and ESaOTE SpA. The remaining authors have nothing to disclose.

Data availability

The data are available as appropriate request to the authors.

References

1.

N

w

>

wv

o

~

8.

o

D’Arcy JL, Coffey S, Loudon MA, Kennedy A, Pearson-Stuttard J, Birks ] et al. Large-scale
community echocardiographic screening reveals a major burden of undiagnosed valvu-
lar heart disease in older people: the OxVALVE population cohort study. Eur Heart |
2016;37:3515-22.

Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs | et al. 2021 ESC/
EACTS guidelines for the management of valvular heart disease. Eur Heart | 2022;43:
561-632.

. Otto CM, Nishimura RA, Bonow RO, Carabello BA, Erwin JP, Gentile F et al. 2020

ACC/AHA guideline for the management of patients with valvular heart disease: a re-
port of the American College of Cardiology/American Heart Association joint commit-
tee on clinical practice guidelines. | Am Coll Cardiol 2021;77:€25-197.

Coisne A, Scotti A, Latib A, Montaigne D, Ho EC, Ludwig S et al. Impact of moderate
aortic stenosis on long-term clinical outcomes. JACC Cardiovasc Interv 2022;15:1664-74.

. Kang D-H, Park S-J, Lee S-A, Lee S, Kim D-H, Kim H-K et al. Early surgery or conserva-

tive care for asymptomatic aortic stenosis. N Engl | Med 2020;382:111-9.

Siontis GCM, Overtchouk P, Cahill T), Modine T, Prendergast B, Praz F et al
Transcatheter aortic valve implantation vs. Surgical aortic valve replacement for treat-
ment of symptomatic severe aortic stenosis: an updated meta-analysis. Eur Heart | 2019;
40:3143-53.

lung B, Pierard L, Magne |, Messika-Zeitoun D, Pibarot P, Baumgartner H. Great debate:
all patients with asymptomatic severe aortic stenosis need valve replacement. Eur Heart
] 2023:44:3136-48.

Hein S, Arnon E, Kostin S, Schénburg M, Elsasser A, Polyakova V et al. Progression from
compensated hypertrophy to failure in the pressure-overloaded human heart.
Circulation 2003;107:984-91.

O’Connor K, Magne J, Rosca M, Pierard LA, Lancellotti P. Left atrial function and remod-
elling in aortic stenosis. Eur | Echocardiog 2011;12:299-305.

. Benfari G, Mandoli GE, Magne J, Miglioranza MH, Ancona R, Luksic VR et al. Left at-

rial strain determinants and clinical features according to the heart failure stages.
New insight from EACVI MASCOT registry. Int | Cardiovasc Imaging 2022;38:
2635-44.

. Venkateshvaran A, Tureli HO, Faxén UL, Lund LH, Tossavainen E, Lindgyvist P. Left

atrial reservoir strain improves diagnostic accuracy of the 2016 ASE/EACVI diastolic
algorithm in patients with preserved left ventricular ejection fraction: insights from
the KARUM haemodynamic database. Eur Heart | Cardiovasc Imaging 2022;23:
1157-68.

. Stassen J, Namazi F, van der Bijl P, van Wijngaarden SE, Kamperidis V, Marsan NA et al.

Left atrial reservoir function and outcomes in secondary mitral regurgitation. | Am Soc
Echocardiogr 2022;35:477-85. e3.

. Marques-Alves P, Marinho AV, Teixeira R, Baptista R, Castro G, Martins R et al. Going

beyond classic echo in aortic stenosis: left atrial mechanics, a new marker of severity.
BMC Cardiovasc Disord 2019;19:215.

. Todaro MC, Carerj S, Khandheria B, Cusma-Piccione M, La Carrubba §,

Antonini-Canterin F et al. Usefulness of atrial function for risk stratification in asymp-
tomatic severe aortic stenosis. | Cardiol 2016;67:71-9.

. Baumgartner H, Hung |, Bermejo J, Chambers |B, Edvardsen T, Goldstein S et al.

Recommendations on the echocardiographic assessment of aortic valve stenosis: a fo-
cused update from the European Association of Cardiovascular Imaging and the
American Society of Echocardiography. Eur Heart | Cardiovasc Imaging 2017;18:
254-75.

. Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, Ernande L et al.

Recommendations 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 | Cardiovasc Imaging 2015;16:
233-71.

. Galderisi M, Cosyns B, Edvardsen T, Cardim N, Delgado V, Di Salvo G et dl.

Standardization of adult transthoracic echocardiography reporting in agreement with
recent chamber quantification, diastolic function, and heart valve disease recommenda-
tions: an expert consensus document of the European Association of Cardiovascular
Imaging. Eur Heart | Cardiovasc Imaging 2017;18:1301-10.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Lancellotti P, Pibarot P, Chambers |, La CG, Pepi M, Dulgheru R et al. Multi-modality
imaging assessment of native valvular regurgitation: an EACVI and ESC council of
valvular heart disease position paper. Eur Heart | Cardiovasc Imaging 2022;23:
E171-232.

19. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K et al.

Guidelines for the echocardiographic assessment of the right heart in adults: a report
from the American Society of Echocardiography. | Am Soc Echocardiogr 2010;23:
685-713.

Negishi K, Negishi T, Kurosawa K, Hristova K, Popescu BA, Vinereanu D et al. Practical
guidance in echocardiographic assessment of global longitudinal strain. JACC Cardiovasc
Imaging 2015;8:489-92.

Voigt J-U, Mildescu G-G, Haugaa K, Badano L. How to do LA strain. Eur Heart |
Cardiovasc Imaging 2020;21:715-7.

Badano LP, Kolias TJ, Muraru D, Abraham TP, Aurigemma G, Edvardsen T et al.
Standardization of left atrial, right ventricular, and right atrial deformation imaging using
two-dimensional speckle tracking echocardiography: a consensus document of the
EACVI/ASE/Industry Task Force to standardize deformation imaging. Eur Heart |
Cardiovasc Imaging 2018;19:591-600.

McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, B6hm M et al. 2021 ESC
guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart |
2021;42:3599-726.

Capoulade R, Le Ven F, Clavel MA, Dumesnil JG, Dahou A, Thébault C et al
Echocardiographic predictors of outcomes in adults with aortic stenosis. Heart 2016;
102:934-42.

Stassen J, Ewe SH, Hirasawa K, Butcher SC, Singh GK, Amanullah MR et al. Left ventricu-
lar remodelling patterns in patients with moderate aortic stenosis. Eur Heart | Cardiovasc
Imaging 2022;23:1326-35.

Zhu D, Ito S, Miranda WR, Nkomo VT, Pislaru SV, Villarraga HR et al. Left ventricular
global longitudinal strain is associated with long-term outcomes in moderate aortic
stenosis. Circ Cardiovasc Imaging 2020;13:e009958.

Ito S, Miranda WR, Nkomo VT, Boler AN, Pislaru SV, Pellikka PA et al. Prognostic risk
stratification of patients with moderate aortic stenosis. | Am Soc Echocardiogr 2021;34:
248-56.

Lindman BR, Clavel M-A, Mathieu P, lung B, Lancellotti P, Otto CM et al. Calcific aortic
stenosis. Nat Rev Dis Primers 2016;2:16006.

Goette A, Kalman M, Aguinaga L, Akar ], Cabrera JA, Chen SA et al. EHRA/HRS/
APHRS/SOLAECE expert consensus on atrial cardiomyopathies: definition, character-
ization, and clinical implication. Heart Rhythm 2017;14:e3-40.

LiM, Ning Y, Tse G, Saguner AM, Wei M, Day |D et al. Atrial cardiomyopathy: from cell
to bedside. ESC Heart Fail 2022;9:3768-84.

. Stortecky S, Buellesfeld L, Wenaweser P, Heg D, Pilgrim T, Khattab AA et al. Atrial fib-

rillation and aortic stenosis. Circ Cardiovasc Interv 2013;6:77-84.

Mateescu AD, Cilin A, Beladan CC, Rosca M, Enache R, Baicus C et al. Left atrial dys-
function as an independent correlate of heart failure symptoms in patients with severe
aortic stenosis and preserved left ventricular ejection fraction. | Am Soc Echocardiogr
2019;32:257-66.

Meimoun P, Djebali M, Botoro T, Djou MD U, Bidounga H, Eimkies F et al. Left atrial
strain and distensibility in relation to left ventricular dysfunction and prognosis in aortic
stenosis. Echocardiography 2019;36:469-77.

Tan ESJ, Jin X, Oon YY, Chan SP, Gong L, Lunaria ]B et al. Prognostic value of left atrial
strain in aortic stenosis: a competing risk analysis. | Am Soc Echocardiogr 2023;36:29-37.
e5.

Calin A, Mateescu AD, Rosca M, Beladan CC, Enache R, Enache R et al. Left atrial dys-
function as a determinant of pulmonary hypertension in patients with severe aortic
stenosis and preserved left ventricular ejection fraction. Int | Cardiovasc Imaging 2017;
33:1939-47.

Nagueh SF, Khan SU. Left atrial strain for assessment of left ventricular diastolic func-
tion. JACC Cardiovasc Imaging 2023;16:691-707.

Galli E, Fournet M, Chabanne C, Lelong B, Leguerrier A, Flecher E et al. Prognostic
value of left atrial reservoir function in patients with severe aortic stenosis: a 2D
speckle-tracking echocardiographic study. Eur Heart | Cardiovasc Imaging 2016;17:
533-41.

Sonaglioni A, Nicolosi GL, Rigamonti E, Lombardo M. Incremental prognostic role of left
atrial reservoir strain in asymptomatic patients with moderate aortic stenosis. Int |
Cardiovasc Imaging 2021;37:1913-25.

Généreux P, Pibarot P, Redfors B, Mack MJ, Makkar RR, Jaber WA et al. Staging classi-
fication of aortic stenosis based on the extent of cardiac damage. Eur Heart | 2017;38:
3351-8.

Tastet L, Tribouilloy C, Maréchaux S, Vollema EM, Delgado V, Salaun E et al. Staging car-
diac damage in patients with asymptomatic aortic valve stenosis. | Am Coll Cardiol 2019;
74:550-63.

Gutierrez-Ortiz E, Olmos C, Carrién-Sanchez |, iménez-Quevedo P, Nombela-Franco L,
Pérraga R et al. Redefining cardiac damage staging in aortic stenosis: the value of GLS and
RVAc. Eur Heart | Cardiovasc Imaging 2023;24:1608-1617.

Gzoz Aenuer gz uo 1senb Aq /$G109///¥6/2/Sz/2191e/buibewiolys/woo dno-olwapeoe//:sdiy wouy papeojumoq



PALS and risk stratification in aortic stenosis

957

42. Chin C, Le TT, Singh G, Yip J, Chai SC, Yong QW et al. Echocardiographic global lon-
gitudinal strain as a marker of myocardial fibrosis predicts outcomes in aortic stenosis.
Eur Heart | 2021;42:ehab724.1599.

43. Thellier N, Altes A, Appert L, Binda C, Leman B, Marsou W et al. Prognostic importance
of left ventricular global longitudinal strain in patients with severe aortic stenosis and
preserved ejection fraction. | Am Soc Echocardiogr 2020;33:1454—64.

44. Dahl JS, Magne |, Pellikka PA, Donal E, Marwick TH. Assessment of subclinical
left ventricular dysfunction in aortic stenosis. JACC Cardiovasc Imaging 2019;12:
163-71.

45. Park S-J, Cho SW, Kim SM, Ahn J, Carriere K, Jeong DS et al. Assessment of myocardial
fibrosis using multimodality imaging in severe aortic stenosis. JACC Cardiovasc Imaging
2019;12:109-19.

Gzoz Atenuer gz uo 1senb Aq /$51.09.2/.16/./GZ/210Me/Buibewiolys/woo dno-olwepese//:sdipy woly pepeojumoq



	Peak atrial longitudinal strain and risk stratification in moderate and severe aortic stenosis
	Introduction
	Methods
	Baseline clinical assessment
	Echocardiographic evaluation
	Clinical follow-up
	Statistical analysis

	Results
	Clinical and echocardiographic characteristics of the study cohort
	Association with the primary endpoint in the whole cohort
	Association with the outcome of LV GLS and PALS in different subgroups
	Inter-observer and intra-observer variabilities

	Discussion
	Insights into LA dysfunction in AS
	The association of PALS with outcome �in AS
	Extravalvular cardiac damage and AS
	Clinical implications
	Limitations

	Conclusion
	Supplementary data
	Funding
	Data availability
	References


