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Small Left Ventricle and Clinical Outcomes 
After Transcatheter Aortic Valve 
Replacement
Tetsuya Saito, MD; Taku Inohara , MD; Nobuhiro Yoshijima, MD; Fumiaki Yashima , MD; Hikaru Tsuruta , MD; 
Hideyuki Shimizu, MD; Keiichi Fukuda, MD; Toru Naganuma, MD; Kazuki Mizutani , MD; Masahiro Yamawaki, MD; 
Norio Tada, MD; Futoshi Yamanaka , MD; Shinichi Shirai, MD; Minoru Tabata, MD; Hiroshi Ueno, MD; 
Kensuke Takagi, MD; Yusuke Watanabe, MD; Masanori Yamamoto, MD; Kentaro Hayashida , MD

BACKGROUND: In patients undergoing transcatheter aortic valve replacement (TAVR), those with small left ventricle (LV) may 
have an increased risk of poor outcomes, because small LV is associated with low- flow (LF), left ventricular hypertrophy. 
However, the impact of small LV on patients undergoing TAVR remains unknown.

METHODS AND RESULTS: We examined 2584 patients who underwent TAVR between October 2013 and May 2017 using data 
from the Japanese multicenter registry. On the basis of the American Society of Echocardiography guidelines, small LV was 
defined as left ventricular end- diastolic dimension <42.0 mm for men or <37.8 mm for women. The 2- year clinical outcomes 
were compared between patients with and without small LV using multivariable Cox regression analyses and propensity score 
matching. Subgroup analyses by LF, left ventricular hypertrophy were performed. Of 2584 patients who underwent TAVR, 
466 (18.0%) had small LV. Patients with small LV had smaller body size and less comorbidity, and were more likely to have LF 
status compared with those without. Small LV was associated with a higher 2- year all- cause (20.8% versus 14.3%; adjusted 
hazard ratio [HR],1.58 [95% CI, 1.20– 2.09]; P=0.0013) and cardiovascular mortality (8.8% versus 5.5%; adjusted HR, 1.93 
[95% CI, 1.25– 2.98]; P=0.0028). Propensity score matching analysis showed consistent findings. In subgroup analyses, LF, 
left ventricular hypertrophy did not interact with small LV.

CONCLUSIONS: Small LV, determined by a simple echocardiographic parameter, was associated with poorer clinical outcomes 
after TAVR regardless of LF, left ventricular hypertrophy. LV size may be useful for assessing clinical outcomes after TAVR.

REGISTRATION: URL: https://www.umin.ac.jp/ctr/index.htm; Unique identifier: UMIN000020423.
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Transcatheter aortic valve replacement (TAVR) is an 
established therapy for symptomatic severe aortic 
stenosis.1– 6 However, deaths and heart failure re-

admissions after TAVR are still common, and the risk 
stratification is important.

Left ventricular size is an important prognostic indi-
cator in cardiac diseases. It is well known that a dilated 

left ventricle (LV) is associated with poor outcomes in 
a variety of cardiac diseases.7– 10 However, there are 
few studies on the impact of a small LV on clinical 
outcomes.

TAVR for patients with small LV poses some diffi-
culty with respect to placing LV wires, and there is a 
higher risk of left ventricular perforation.11 Moreover, 

Correspondence to: Kentaro Hayashida, MD, PhD, Department of Cardiology, Keio University School of Medicine, 35 Shinanomachi, Shinjuku- ku, Tokyo 
160- 8582, Japan. E- mail: k-hayashida@umin.ac.jp

Supplementary Material for this article is available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.120.019543

For Sources of Funding and Disclosures, see page 10.

© 2021 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative 
Commons Attribution- NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and 
is not used for commercial purposes. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-7889-2083
https://orcid.org/0000-0002-7755-5771
https://orcid.org/0000-0002-3002-966X
https://orcid.org/0000-0001-7206-4538
https://orcid.org/0000-0002-7948-9915
https://orcid.org/0000-0002-1750-1982
mailto:
https://www.umin.ac.jp/ctr/index.htm
mailto:k-hayashida@umin.ac.jp
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.019543
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2021;10:e019543. DOI: 10.1161/JAHA.120.019543 2

Saito et al Small LV Size and Clinical Outcomes After TAVR

it is well known that those with small LV are more 
likely to have low- flow (LF) status, left ventricular 
hypertrophy (LVH). Given that these factors are as-
sociated with poor clinical outcomes after TAVR,12,13 
patients undergoing TAVR with small LV may have an 
increased risk of clinical outcomes. However, there 
are no studies on the association between small LV 
and clinical outcomes after TAVR. Therefore, this 
study will (1) investigate the association between 
small LV and clinical outcomes after TAVR and (2) 
perform subgroup analyses in situations where small 
LV may have a more adverse effect.

METHODS
The data, analytic methods, and study materials will 
not be made available to other researchers for pur-
poses of reproducing the results or replicating the 
procedure.

Data Source
We analyzed the data from the OCEAN- TAVI 
(Optimized Transcatheter Valvular Intervention– 
Transcatheter Aortic Valve Implantation) registry.14 A 
total of 2588 patients were enrolled in the OCEAN- 
TAVI registry between October 2013 and May 2017. 
The OCEAN- TAVI registry is a prospective, multi-
center, observational registry of patients who under-
went TAVR at 14 centers in Japan. The OCEAN- TAVI 
registry was registered with the University Hospital 
Medical Information Network Clinical Trial Registry 
and accepted by the International Committee of 
Medical Journal Editors (UMIN- ID: 000020423). All 
study participants provided informed consent, and 
the registry was approved by the ethics committees 
of all participating institutions. Patients or the public 
were not involved in the design, conduct, reporting, 
or dissemination plans of our research. Patients were 
followed up annually at the participating institutions. 
The events were site reported from the participat-
ing institutions. For ensuring consistency, the data-
base was regularly audited by the data committee 
members.

The American Society of Echocardiography (ASE) 
guidelines are widely used worldwide. According 
to ASE guidelines, the normal reference values of 
left ventricular end- diastolic dimension (LVEDD) are 
42.0 to 58.4  mm for men and 37.8 to 52.2  mm for 
women.15 Therefore, small LV was defined as LVEDD 
<42.0 mm for men or <37.8 mm for women. Patients 
with missing values for LVEDD were excluded from 
the analysis.

Outcomes
The primary outcomes were 2- year all- cause and 
cardiovascular mortality after TAVR. The secondary 
outcomes were readmission attributable to heart 
failure within 2 years and in- hospital outcomes and 
complications. All- cause mortality, cardiovascular 
mortality, and complications were defined on the 
basis of the Valve Academic Research Consortium- 2 
criteria.16

Echocardiography
Transthoracic echocardiography was performed 
at baseline, before hospital discharge, and at the 
annual follow- up. All transthoracic echocardio-
graphic parameters were measured according to 
ASE guidelines.15,17,18 In addition, according to ASE 
guidelines, LV mass, LV mass index (LVMI), and 
relative wall thickness (RWT) were calculated as 
follows: LV mass=0.80×1.04×[(LVEDD+interventric
ular septum thickness+posterior wall thickness)3−
LVEDD3]+0.6  g, LVMI=LV mass÷body surface area, 

CLINICAL PERSPECTIVE

What Is New?
• In patients undergoing transcatheter aortic 

valve replacement, the impact of small left ven-
tricle (LV) remains unknown.

• On the basis of the American Society of 
Echocardiography guidelines, small LV was de-
fined as left ventricular end- diastolic dimension 
<42.0 mm for men or <37.8 mm for women.

• Small LV, determined by a simple echocardio-
graphic parameter, was associated with poorer 
clinical outcomes after transcatheter aortic 
valve replacement regardless of low- flow, left 
ventricular hypertrophy.
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• LV size may be useful for assessing clini-

cal outcomes after transcatheter aortic valve 
replacement.
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carefully.
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and RWT=(2×posterior wall thickness)÷LVEDD. The 
normal reference values of LVMI were defined as 
<95 g/m2 for women and <115 g/m2 for men. LV ge-
ometry was divided into 4 groups, as follows: normal 
(normal LVMI with RWT ≤0.42), concentric remod-
eling (normal LVMI with RWT >0.42), eccentric LVH 
(increased LVMI with RWT ≤0.42), and concentric 
LVH (increased LVMI with RWT >0.42). LF status was 
defined as stroke volume index <35 mL/m2.

Statistical Analysis
We compared baseline characteristics between pa-
tients with small LV and nonsmall LV. Continuous vari-
ables were presented as medians and 25th to 75th 
percentile and compared using Student t test or Mann- 
Whitney U- test. Categorical variables were presented 
as frequencies and percentages and compared by the 
Pearson χ2 test or the Fisher exact test.

There were missing data for baseline variables. 
Percentage of missing data for baseline variables is 
shown in Table S1. Multiple imputation was performed. 
Missing continuous variables were imputed using the 
predictive mean matching method. Missing binary vari-
ables were imputed using logistic regression models. 
Twenty imputed data sets were created. The log- rank 
test was performed to compare all- cause and cardio-
vascular mortality between groups. Thereafter, multi-
variable Cox regression analyses were performed to 
examine variables that were independently associated 
with all- cause and cardiovascular mortality. In multi-
variable analysis, incorporated variables were deter-
mined according to clinical relevance and previous 
studies12,13,19– 24 (full list of incorporated variables in 
multivariable analysis Data S1). The results of analyses 
in each imputed data set were pooled according to the 
Rubin rule.

To ensure robustness of the results, propensity 
score matching after multiple imputation was per-
formed for small LV versus nonsmall LV. The pro-
pensity scores were calculated within each imputed 
data set using logistic regression models to estimate 
the probability of a small LV. Then, the propensity 
scores were averaged across imputed data sets for 
each patient. One- to- one propensity score matching 
without replacement on the original data was per-
formed by the average propensity score with a cali-
per width of 0.2 of the SD of the logit of the average 
propensity score. Balance between the 2 groups 
was assessed by absolute standardized mean dif-
ference. The covariates included in the propensity 
score matching are listed in Table S2. The cumulative 
incidences of all- cause and cardiovascular mortality 
were calculated using the Kaplan- Meier method. The 
log- rank test was performed to compare all- cause 
and cardiovascular mortality between patients with 

small LV and nonsmall LV in the overall cohort and 
the matched cohort. Landmark analyses at 6 months 
were also performed. In addition, for heart failure ad-
mission, the Fine and Gray competing risk model 
was used because all- cause death was considered a 
competing risk factor.

Subgroup analyses were performed because it 
was hypothesized that the mortality of the patients 
with small LV was strongly affected by the presence 
of LF status, LVH. In addition, because patients with 
small LV had small body size, the parameters of frailty 
were also considered important. Subgroup analy-
ses were performed for age (≥85 or <85 years), sex, 
body mass index (≥22  or <22  kg/m2), albumin lev-
els (≥3.5 or <3.5 g/dL), clinical frailty scale (1– 4, 5– 6, 
or ≥7), stroke volume index (≥35 or <35 mL/m2), left 
ventricular ejection fraction (LVEF) (>40% or ≤40%), 
and LV geometry (normal, eccentric LVH, concentric 
remodeling, or concentric LVH). Subgroup analysis 
was also performed by postprocedural valve sizes 
and types. Interaction tests between each covariate 
were performed.

Furthermore, we hypothesized that small LV is 
less tolerant of paravalvular leak (PVL) than nonsmall 
LV. Therefore, patients were stratified by the pres-
ence or absence of PVL in the overall and matched 
cohort. In addition, in the overall and matched co-
hort, we further stratified PVL by severity, according 
to the Valve Academic Research Consortium- 2 crite-
ria: none, trace or mild, moderate, or severe. Kaplan- 
Meier curves and log- rank test were performed in 
each group.

Finally, we performed the sensitivity analyses with 
LVEDD and LVEDD/body surface area as a continu-
ous variable. Also, we performed the sensitivity anal-
ysis with a single cut point of LVEDD (<40 mm). Cox 
regression analyses were performed for all- cause and 
cardiovascular mortality.

All statistical analyses were performed using R soft-
ware version 3.6.1. All tests were 2 sided, and P<0.05 
was considered statistically significant.

RESULTS
Baseline Characteristics
After excluding 4 patients with missingness for LVEDD, 
the remaining 2584 patients were divided on the 
basis of small LV or nonsmall LV at baseline. Among 
the 2584 patients, LV size in 466 (18.0%) was small. 
The differences in baseline characteristics are shown 
in Table  1. Patients with small LV had smaller body 
and fewer comorbidities compared with those with-
out small LV. Echocardiography in patients with small 
LV showed greater LVEF, smaller left atrial dimension, 
lower rates of moderate or severe valvular disease, and 
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Table 1. Baseline Characteristics

Characteristics Small LV (n=466) Nonsmall LV (n=2118) P Value

Clinical data

Age, y 85 (82– 88) 85 (81– 88) 0.086

Men 150 (32.2) 643 (30.4) 0.44

Body mass index, kg/m2 21.1 (18.5– 23.5) 22.3 (20.0– 24.6) <0.001

Body surface area, m2 1.36 (1.26– 1.50) 1.41 (1.30– 1.55) <0.001

NYHA class 3 or 4 220 (47.2) 1098 (51.8) 0.07

Hypertension 353 (75.8) 1634 (77.1) 0.52

Dyslipidemia 177 (38.0) 935 (44.1) 0.015

Diabetes mellitus 83 (17.8) 472 (22.3) 0.033

Chronic kidney disease 288 (61.8) 1518 (71.7) <0.001

Previous stroke 56 (12.0) 245 (11.6) 0.78

COPD 68 (14.6) 317 (15.0) 0.84

Peripheral artery disease 74 (15.9) 303 (14.3) 0.38

Coronary artery disease 163 (35.0) 788 (37.2) 0.37

Previous CABG 22 (4.7) 147 (6.9) 0.079

Atrial fibrillation 92 (19.7) 457 (21.6) 0.38

Permanent pacemaker 22 (4.7) 144 (6.8) 0.098

Active cancer 22 (4.7) 101 (4.8) 0.97

Clinical frailty scale score 0.27

1– 4 334 (71.7) 1567 (74.0)

5– 6 108 (23.2) 474 (22.4)

7– 8 24 (5.2) 77 (3.6)

STS risk score, % 6.59 (4.57– 8.90) 6.54 (4.53– 9.61) 0.34

Transfemoral approach 375 (80.5) 1788 (84.4) 0.037

Hemoglobin, g/dL 11.4 (10.1– 12.6) 11.2 (10.1– 12.4) 0.009

eGFR, mL/min per 1.73 m2 54.9 (40.7– 68.0) 49.8 (37.0– 62.0) <0.001

Albumin, g/dL 3.70 (3.40– 4.00) 3.80 (3.50– 4.10) 0.001

Albumin <3.5 g/dL 123 (26.4) 493 (23.3) 0.15

Brain natriuretic peptide, pg/mL 189 (91– 442) 286 (127– 598) <0.001

Echocardiographic data

Aortic valve area, cm2 0.62 (0.50– 0.72) 0.63 (0.50– 0.75) 0.15

Peak velocity, m/s 4.40 (4.00– 5.00) 4.54 (4.08– 5.10) 0.007

Mean pressure gradient, mm Hg 46.0 (35.0– 59.0) 48.2 (38.5– 62.0) 0.003

LV end- diastolic dimension, mm 36.3 (35.0– 37.5) 45.0 (42.0– 49.0) <0.001

LV end- systolic dimension, mm 23.0 (21.0– 25.0) 29.0 (26.0– 34.0) <0.001

Left atrial dimension, mm 38.0 (33.0– 42.1) 42.6 (38.9– 47.0) <0.001

IVS, mm 12.0 (11.0– 13.0) 11.8 (10.2– 13.0) 0.001

PWT, mm 11.5 (10.0– 13.0) 11.0 (10.0– 12.1) 0.017

Relative wall thickness, mm 0.63 (0.55– 0.71) 0.49 (0.43– 0.56) <0.001

LV mass index, g/m2 99.8 (84.3– 117.9) 132.1 (110.6– 154.7) <0.001

LV geometry <0.001

Normal 5 (1.1) 77 (3.6)

Eccentric LVH 0 (0) 335 (15.8)

Concentric LVH 220 (47.2) 1455 (68.8)

Concentric remodeling 241 (51.7) 212 (10.0)

LVEF, % 64.9 (60.0– 69.0) 61.0 (50.7– 67.7) <0.001

LVEF ≤40% 9 (1.9) 235 (11.1) <0.001

E/A 0.67 (0.56– 0.80) 0.70 (0.57– 0.90) 0.002

 (Continued)
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higher rates of LF status compared with those without. 
Also, patients with small LV had stronger RWT but less 
LVMI.

In- Hospital Outcomes and Complications
In- hospital outcomes and complications are shown in 
Table 2. The 30- day death was more frequent in pa-
tients with small LV group than those without. Patients 

with small LV were implanted with a smaller valve and 
had a lower incidence of prosthesis- patient mismatch 
than patients with nonsmall LV.

All- Cause and Cardiovascular Mortality 
Within 2 Years
Kaplan- Meier curves of all- cause and cardiovascular 
mortality in overall cohort are shown in Figure 1A. The 

Characteristics Small LV (n=466) Nonsmall LV (n=2118) P Value

E/e′ 19.2 (14.5– 25.0) 19.9 (15.5– 25.5) 0.028

Deceleration time, ms 248 (201– 316) 239 (183– 306) 0.009

SVi, mL/m2 40.8 (30.5– 50.4) 45.4 (36.9– 54.4) <0.001

SVi <35 mL/m2 152 (36.0) 381 (19.7) <0.001

Systolic pulmonary artery pressure, 
mm Hg

29.0 (25.0– 36.0) 31.0 (25.2– 39.0) 0.009

Aortic regurgitation ≥ moderate 29 (6.2) 243 (11.5) 0.001

Mitral regurgitation ≥ moderate 18 (6.0) 161 (12.4) <0.001

Tricuspid regurgitation ≥ moderate 30 (6.4) 173 (8.2) 0.21

Data are shown as median (25th– 75th percentile) for continuous variables and number (percentage) for categorical variables. CABG indicates coronary 
artery bypass grafting; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; IVS, interventricular septum thickness; LV, 
left ventricle; LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; NYHA, New York Heart Association; PWT, posterior wall thickness; STS, 
Society of Thoracic Surgeons; and SVi, stroke volume index.

Table 1. Continued

Table 2. In- Hospital Outcomes and Postprocedural Echocardiographic Data

Variables Small LV (n=466) Nonsmall LV (n=2118) P Value

Procedural outcomes

30- d death 14 (3.0) 32 (1.5) 0.027

Procedural MI 2 (0.4) 17 (0.8) 0.393

Stroke 14 (3.0) 47 (2.2) 0.312

Bleeding 128 (27.5) 492 (23.2) 0.052

AKI 51 (10.9) 238 (11.2) 0.856

Vascular complication 40 (8.6) 193 (9.1) 0.716

New permanent pacemaker 32 (6.9) 179 (8.5) 0.258

New- onset atrial fibrillation 19 (4.1) 83 (4.0) 0.869

Conversion to open surgery 8 (1.7) 17 (0.8) 0.11

PPM 30 (7.0) 222 (11.2) 0.010

PVL ≥ moderate 12 (2.6) 37 (1.8) 0.224

Valve 0.035

Corevalve 38 (8.2) 157 (7.4)

Evolut R 36 (7.7) 112 (5.3)

Sapien XT 262 (56.2) 1136 (53.6)

Sapien 3 130 (27.9) 713 (33.7)

Valve size, mm 0.001

20  21 (4.5) 77 (3.6)

23  273 (7.7) 112 (5.3)

26  140 (30.0) 769 (36.3)

29  32 (6.9) 220 (10.4)

Data are shown as number (percentage). AKI indicates acute kidney injury; LV, left ventricle; MI, myocardial infarction; PPM, prosthesis- patient mismatch; 
and PVL, paravalvular leak.
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median follow- up period was 673 (25th– 75th percen-
tile, 381– 865) days. There were 401 patients who died 
of all- cause mortality and 157 who died of cardiovas-
cular causes, during the follow- up period. There was a 
significant difference between the 2 groups in 2- year 
all- cause (log- rank P<0.001) and cardiovascular mor-
tality (log- rank P=0.0046).

After the adjustment for cofounders, small LV was 
still significantly associated with a higher risk of 2- 
year all- cause mortality (adjusted hazard ratio [HR], 
1.58; 95% CI, 1.20– 2.09; P=0.0013) and cardiovas-
cular mortality (adjusted HR, 1.93; 95% CI, 1.25– 2.98; 
P=0.0028) (Table 3). The full univariable and multivari-
able model results are shown in Tables S3 and S4.

Propensity score matching was performed, with 
a total of 660 patients matched (Table S2). Absolute 

standardized mean difference was <0.1 in all exam-
ined covariates in the matched cohort. In the matched 
cohort, there were significant differences between 
the 2 groups in 2- year all- cause mortality (log- rank 
P=0.0066) and cardiovascular mortality (log- rank 
P=0.001) (Figure  1B). For heart failure readmission, 
Fine and Gray competing risk models in the overall 
and matched cohort are shown in Figure 2. Small LV 
was significantly associated with a higher incidence of 
heart failure readmission (Gray P=0.032).

The results of landmark analyses for all- cause and 
cardiovascular mortality are shown in Figure S1. There 
was significant difference in all- cause and cardiovas-
cular mortality within 6 months after TAVR, but the dif-
ference was not obvious afterwards. The result was 
consistent in both the overall and matched cohorts.

Figure 1. Kaplan- Meier curve of all- cause and cardiovascular mortality in overall cohort and the matched cohort.
The 2- year all- cause and cardiovascular mortality of patients with small left ventricle (LV) compared with those without in the overall 
cohort (A) and matched cohort (B). TAVR indicates transcatheter aortic valve replacement.

Table 3. Unadjusted and Adjusted All- Cause and Cardiovascular Mortality Within 2 Years

Variables

Small LV

Unadjusted Adjusted

HR (95% CI) P Value HR (95% CI) P Value

All- cause mortality 1.51 (1.20– 1.90) <0.001 1.58 (1.20– 2.09) 0.0013

Cardiovascular mortality 1.66 (1.17– 2.38) 0.005 1.93 (1.25– 2.98) 0.0028

HR indicates hazard ratio; and LV, left ventricle.
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Subgroup Analyses
Subgroup analyses for all- cause and cardiovascular 
mortality are shown in Figures 3 and 4. There were 
no significant interactions between small LV and 
prespecified subgroups, except for age, including 

LF status, LV geometry, or frailty, in both all- cause 
and cardiovascular mortality. There were no signifi-
cant interactions between small LV and valve sizes 
or valve types in both all- cause and cardiovascular 
mortality (Figure S2).

Figure 2. Heart failure readmission after transcatheter aortic valve replacement (TAVR).
Fine and Gray competing risk model for heart failure readmission after TAVR in patients with small left ventricle (LV) compared with 
those without in the overall (A) and matched cohort (B).

Figure 3. Subgroup analysis of all- cause mortality within 2 years.
Forest plot representing the hazard ratios of 2- year all- cause mortality in patients with small left ventricle (LV) compared with patients 
without, stratified by preprocedural characteristics. Alb indicates albumin; BMI, body mass index; CFS, clinical frailty score; LVEF, left 
ventricular ejection fraction; LVH, left ventricular hypertrophy; NA, not applicable; and SVi, stroke volume index.
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All- Cause Mortality, Stratified by the 
Presence or Absence of PVL
Kaplan- Meier curves of all- cause mortality in each 
group are shown in Figure  5. In the overall cohort, 
there was a significant difference in all- cause mortal-
ity between the patients with and without small LV in 
the group with PVL (log- rank P=0.0017) (Figure 5A). 
However, there was no significant difference in all- 
cause mortality between patients with and without 
small LV in the group with no PVL (log- rank P=0.39). 
Findings were consistent in the analysis using the 
matched cohort (Figure 5B). Analysis by severity of 
PVL showed a significant difference in the rates of 
those with trace or mild PVL between those with small 
LV and nonsmall LV (Figure S3), whereas the difference 
in the rates of those with non- PVL and moderate or 
severe PVL was not apparent between groups, likely 
because of the small number of those with moderate 
or severe PVL.

Sensitivity Analyses
Results of the sensitivity analyses are shown in 
Tables  S5 through S7. Smaller LVEDD and LVEDD/
body surface area were consistently associated with 

increased all- cause and cardiovascular mortality, even 
when LVEDD and LVEDD/body surface area were 
treated as continuous variables. A single cut point of 
LVEDD <40 mm was also significantly associated with 
a higher risk of 2- year all- cause mortality (adjusted 
HR, 1.57; 95% CI, 1.21– 2.07; P<0.001) and cardiovas-
cular mortality (adjusted HR, 1.74; 95% CI, 1.18– 2.56; 
P=0.005).

DISCUSSION
The impact of a small LV on patients undergoing TAVR 
remains unknown. The main findings of our study 
showed that small LV, determined by a simple echo-
cardiographic parameter, was associated with poorer 
clinical outcomes. To the best of our knowledge, this 
study is the first to identify the association between 
small LV and clinical outcomes after TAVR.

There are few studies on the impact of a small LV 
on clinical outcomes. We hypothesized that a higher 
mortality of patients with small LV was strongly influ-
enced by LF status, LVH, and frailty. Previous studies 
reported that LF status and frailty were associated with 
a high risk of mortality after TAVR,12,20,21 whereas it is 

Figure 4. Subgroup analysis for cardiovascular mortality within 2 years.
Forest plot representing the hazard ratios of 2- year cardiovascular mortality in patients with small left ventricle (LV) compared with 
patients without, stratified by preprocedural characteristics. Alb indicates albumin; BMI, body mass index; CFS, clinical frailty score; 
LVEF, left ventricular ejection fraction; LVH, left ventricular hypertrophy; NA, not applicable; and SVi, stroke volume index.
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not clear if baseline LVH has an impact on mortality in 
patients undergoing TAVR.13,25,26 In our analysis, even 
after the adjustment for LF status, LVH, and frailty, 
small LV was associated with the increased risks of all- 
cause and cardiovascular mortality, and heart failure 
readmission. Furthermore, subgroup analyses showed 
that there was no interaction between small LV and LF 
status, LVH, and frailty.

There are some potential explanations for the as-
sociation of small LV and poorer clinical outcomes. 
First, small LV may be more intolerant of volume over-
loads. Even with the same degree of PVL, small LV 
may have a stronger volume overload than nonsmall 
LV. As a result, patients with small LV readily develop 
heart failure, and are more likely to die because of the 
heart failure. In our study, patients with small LV had 
higher mortality in the group with PVL, and there was 
no significant difference in the group with no PVL. 
Colli et al reported that preoperative LV dilatation was 
associated with better outcomes in the cases with 
PVL.27 Efforts to minimize PVL, such as the choice of 
an appropriate valve and postdilatation, may be nec-
essary in patients with small LV. In addition, intraop-
erative transesophageal echocardiography to avoid 

missing PVL may be considered. Second, left ven-
tricular outflow tract obstruction may more frequently 
occur in patients with small LV after improvement of 
afterload with severe aortic stenosis by TAVR. Third, 
there may be less benefit from regression of hyper-
trophy in patients with small LV. In our study, patients 
with small LV had a lower LV mass index and lower 
incidence of LVH at baseline than in those without. 
The absence of LVH was associated with worse out-
comes because LV could not adequately respond to 
pressure overloads by severe aortic stenosis.28 It was 
reported that lower LV mass regression was associ-
ated with worse clinical outcomes following TAVR.29,30

In our study, patients with small LV had higher LVEF 
and lower brain natriuretic peptide. Intuitively, the com-
bination of higher LVEF and lower brain natriuretic pep-
tide seems to contribute to better clinical outcomes; 
however, Chen et al reported, compared with patients 
with normal brain natriuretic peptide values, those with 
lower brain natriuretic peptide as well as higher were 
associated with worse prognosis after TAVR.31 Also, 
Wehner et al showed that the HR of all- cause mor-
tality was lowest at LVEF 60% to 65% and patients 
with LVEF ≥65% had a higher mortality.32 In our study 

Figure 5. All- cause mortality, stratified by the presence or absence of paravalvular leak (PVL).
All- cause mortality of patients with small left ventricle (LV) compared with those without in groups with the absence and the presence 
of PVL in the overall (A) and matched cohort (B). TAVR indicates transcatheter aortic valve replacement.
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population, half of patients with small LV have LVEF 
>65%. Given these previous reports, small LV may be 
an unfavorable factor in terms of prognosis after TAVR.

Given the robust association between small LV and 
the increased risk of mortality and heart failure read-
mission, LVEDD may be a useful marker of clinical 
outcomes after TAVR. There are advantages of using 
LVEDD as an indicator of clinical outcomes. LVEDD 
is often measured routinely in most patients with se-
vere aortic stenosis. Furthermore, the measurement 
of LVEDD has a small error, unlike the measurement 
of stroke volume, which requires the measurement of 
left ventricular outflow tract diameter. Moreover, it does 
not require complex calculations, like LVMI. LVEDD is a 
simple indicator with high versatility.

Study Limitations
Our study has several limitations. First, this is a nonrand-
omized, retrospective study using data from a prospec-
tive multicenter cohort registry. There is a possibility 
that unknown and unmeasurable confounders exist. 
Second, there was no clear definition of small LV. In our 
study, small LV was defined according to the normal ref-
erence values of LVEDD of the ASE guidelines. Third, LV 
end- diastolic volume and LV end- systolic volume by the 
modified Simpson method were not used because of 
insufficient data in the registry. Fourth, the echocardio-
graphic data were site reported from the participating 
institutions and not adjudicated by the clinical event ad-
judication committee. Thus, there may have been some 
variations in interpretation of the left ventricular dimen-
sion measurements between institutions. Fifth, there 
was not enough data of the other parameters of diastolic 
dysfunction, such as septal or lateral é, left atrial volume, 
and frailty markers, such as gait speed and strength of 
hand grip. The grade of diastolic dysfunction is associ-
ated with worse outcomes.22– 24 In addition, patients with 
small LV had small body size. Therefore, the markers 
of frailty were important. More meticulous studies that 
consider these should be our future targets.

CONCLUSIONS
Small LV, determined by a simple echocardiographic 
parameter, was associated with poorer clinical out-
comes after TAVR. To stratify the risk after TAVR, the 
size of the LV may be important, and further investiga-
tion will be required to corroborate our findings.

ARTICLE INFORMATION
Received September 27, 2020; accepted February 8, 2021.

Affiliations
From the Department of Cardiology, Keio University School of Medicine, 
Tokyo, Japan (T.S., T.I., N.Y., H.T., K.F., K.H.); Department of Cardiology, 

Saiseikai Utsunomiya Hospital, Tochigi, Japan (F.Y.); Department of 
Cardiovascular Surgery, Keio University School of Medicine, Tokyo, Japan 
(H.S.); Department of Cardiology, New Tokyo Hospital, Matsudo, Japan 
(T.N.); Department of Cardiology, Osaka City General Hospital, Osaka, 
Japan (K.M.); Department of Cardiology, Saiseikai Yokohama- City Eastern 
Hospital, Yokohama, Japan (M.Y.); Department of Cardiology, Sendai Kousei 
Hospital, Sendai, Japan (N.T.); Department of Cardiology, Shonan Kamakura 
General Hospital, Kamakura, Japan (F.Y.); Department of Cardiology, Kokura 
Memorial Hospital, Kokura, Japan (S.S.); Department of Cardiovascular 
Surgery, Tokyo Bay Urayasu- Ichikawa Medical Center, Chiba, Japan (M.T.); 
Department of Cardiology, Toyama University Hospital, Toyama, Japan 
(H.U.); Department of Cardiology, Ogaki Municipal Hospital, Gifu, Japan 
(K.T.); Department of Cardiology, Teikyo University School of Medicine, 
Tokyo, Japan (Y.W.); Department of Cardiology, Toyohashi Heart Center, 
Toyohashi, Japan (M.Y.); and Department of Cardiology, Nagoya Heart 
Center, Nagoya, Japan (M.Y.).

Acknowledgments
The authors thank the investigators and institutions that have partici-
pated in the OCEAN- TAVI (Optimized Transcatheter Valvular Intervention– 
Transcatheter Aortic Valve Implantation) registry.

Sources of Funding
The OCEAN- TAVI (Optimized Transcatheter Valvular Intervention– 
Transcatheter Aortic Valve Implantation) registry is supported by Edwards 
Lifesciences, Medtronic, Boston Scientific, and Daiichi- Sankyo Company.

Disclosures
Dr Yamamoto, Dr Tada, Dr Naganuma, Dr Shirai, Dr Mizutani, Dr Watanabe, 
Dr Tabata, and Dr Ueno are clinical proctors for Edwards Lifesciences and 
Medtronic. Dr Takagi, Dr Shimizu, and Dr Hayashida are clinical proctors of 
Edwards Lifesciences. The remaining authors have no disclosures to report.

Supplementary Material
Data S1
Tables S1– S7
Figures S1– S3

REFERENCES
 1. Makkar RR, Fontana GP, Jilaihawi H, Kapadia S, Pichard AD, Douglas 

PS, Thourani VH, Babaliaros VC, Webb JG, Herrmann HC, et al. 
Transcatheter aortic- valve replacement for inoperable severe aortic 
stenosis. N Engl J Med. 2012;366:1696– 1704. DOI: 10.1056/NEJMo 
a1202277.

 2. Leon MB, Smith CR, Mack MJ, Makkar RR, Svensson LG, Kodali SK, 
Thourani VH, Tuzcu EM, Miller DC, Herrmann HC, et al. Transcatheter or 
surgical aortic- valve replacement in intermediate- risk patients. N Engl J 
Med. 2016;374:1609– 1620. DOI: 10.1056/NEJMo a1514616.

 3. Adams DH, Popma JJ, Reardon MJ, Yakubov SJ, Coselli JS, Deeb 
GM, Gleason TG, Buchbinder M, Hermiller J Jr, Kleiman NS, et al. 
Transcatheter aortic- valve replacement with a self- expanding pros-
thesis. N Engl J Med. 2014;370:1790– 1798. DOI: 10.1056/NEJMo 
a1400590.

 4. Reardon MJ, Van Mieghem NM, Popma JJ, Kleiman NS, Søndergaard 
L, Mumtaz M, Adams DH, Deeb GM, Maini B, Gada H, et al. Surgical 
or transcatheter aortic- valve replacement in intermediate- risk pa-
tients. N Engl J Med. 2017;376:1321– 1331. DOI: 10.1056/NEJMo 
a1700456.

 5. Mack MJ, Leon MB, Thourani VH, Makkar R, Kodali SK, Russo M, 
Kapadia SR, Malaisrie SC, Cohen DJ, Pibarot P, et al. Transcatheter 
aortic- valve replacement with a balloon- expandable valve in low- risk 
patients. N Engl J Med. 2019;380:1695– 1705. DOI: 10.1056/NEJMo 
a1814052.

 6. Popma JJ, Deeb GM, Yakubov SJ, Mumtaz M, Gada H, O’Hair D, Bajwa 
T, Heiser JC, Merhi W, Kleiman NS, et al. Transcatheter aortic- valve 
replacement with a self- expanding valve in low- risk patients. N Engl J 
Med. 2019;380:1706– 1715. DOI: 10.1056/NEJMo a1816885.

 7. Narayanan K, Reinier K, Teodorescu C, Uy- Evanado A, Aleong R, 
Chugh H, Nichols GA, Gunson K, London B, Jui J, et al. Left ventricular 
diameter and risk stratification for sudden cardiac death. J Am Heart 
Assoc. 2014;3:e001193. DOI: 10.1161/JAHA.114.001193.

https://doi.org/10.1056/NEJMoa1202277
https://doi.org/10.1056/NEJMoa1202277
https://doi.org/10.1056/NEJMoa1514616
https://doi.org/10.1056/NEJMoa1400590
https://doi.org/10.1056/NEJMoa1400590
https://doi.org/10.1056/NEJMoa1700456
https://doi.org/10.1056/NEJMoa1700456
https://doi.org/10.1056/NEJMoa1814052
https://doi.org/10.1056/NEJMoa1814052
https://doi.org/10.1056/NEJMoa1816885
https://doi.org/10.1161/JAHA.114.001193


J Am Heart Assoc. 2021;10:e019543. DOI: 10.1161/JAHA.120.019543 11

Saito et al Small LV Size and Clinical Outcomes After TAVR

 8. Lee TH, Hamilton MA, Stevenson LW, Moriguchi JD, Fonarow GC, Child 
JS, Laks H, Walden JA. Impact of left ventricular cavity size on sur-
vival in advanced heart failure. Am J Cardiol. 1993;72:672– 676. DOI: 
10.1016/0002- 9149(93)90883 - E.

 9. Solomon SD, Foster E, Bourgoun M, Shah A, Viloria E, Brown MW, Hall 
WJ, Pfeffer MA, Moss AJ; MADIT- CRT Investigators. Effect of cardiac 
resynchronization therapy on reverse remodeling and relation to out-
come multicenter automatic defibrillator implantation trial: cardiac re-
synchronization therapy. Circulation. 2010;122:985– 992. DOI: 10.1161/
CIRCU LATIO NAHA.110.955039.

 10. Cohn JN, Ferrari R, Sharpe N, Forum I. Cardiac remodeling— concepts 
and clinical implications: a consensus paper from an international forum 
on cardiac remodeling. J Am Coll Cardiol. 2000;35:569– 582. DOI: 
10.1016/s0735 - 1097(99)00630 - 0.

 11. Owais T, El Garhy M, Fuchs J, Disha K, Elkaffas S, Breuer M, Lauer 
B, Kuntze T. Pathophysiological factors associated with left ventricular 
perforation in transcatheter aortic valve implantation by transfemoral 
approach. J Heart Valve Dis. 2017;26:430– 436.

 12. Kataoka A, Watanabe Y, Kozuma K, Nara Y, Nagura F, Kawashima H, 
Hioki H, Nakashima M, Yamamoto M, Takagi K, et al. Prognostic im-
pact of low- flow severe aortic stenosis in small- body patients under-
going TAVR: the OCEAN- TAVI Registry. JACC Cardiovasc Imaging. 
2018;11:659– 669. DOI: 10.1016/j.jcmg.2016.12.028.

 13. Gonzales H, Douglas PS, Pibarot P, Hahn RT, Khalique OK, Jaber 
WA, Cremer P, Weissman NJ, Asch FM, Zhang Y, et al. Left ventric-
ular hypertrophy and clinical outcomes over 5 years after TAVR: an 
analysis of the PARTNER trials and registries. JACC Cardiovasc Interv. 
2020;13:1329– 1339. DOI: 10.1016/j.jcin.2020.03.011.

 14. Saito T, Yoshijima N, Hase H, Yashima F, Tsuruta H, Shimizu H, Fukuda 
K, Naganuma T, Mizutani K, Araki M, et al. Impact of beta blockers 
on patients undergoing transcatheter aortic valve replacement: the 
OCEAN- TAVI registry. Open Heart. 2020;7:e001269. DOI: 10.1136/
openh rt- 2020- 001269.

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

 16. Lang RM, Badano LP, Mor- Avi V, Afilalo J, Armstrong A, Ernande L, 
Flachskampf FA, Foster E, Goldstein SA, Kuznetsova T, et al. Updated 
standardized endpoint definitions for transcatheter aortic valve implan-
tation: the Valve Academic Research Consortium- 2 consensus docu-
ment. EuroIntervention. 2012;8:782– 795. DOI: 10.4244/EIJV8 I7A121.

 17. Baumgartner H, Hung J, Bermejo J, Chambers JB, Edvardsen T, Goldstein 
S, Lancellotti P, LeFevre M, Miller F Jr, Otto CM. Recommendations on 
the echocardiographic assessment of aortic valve stenosis: a focused 
update from the European Association of Cardiovascular Imaging and 
the American Society of Echocardiography. J Am Soc Echocardiogr. 
2017;30:372– 392. DOI: 10.1016/j.echo.2017.02.009.

 18. Zoghbi WA, Chambers JB, Dumesnil JG, Foster E, Gottdiener JS, 
Grayburn PA, Khandheria BK, Levine RA, Marx GR, Miller FA Jr, et al. 
Recommendations for evaluation of prosthetic valves with echocardi-
ography and doppler ultrasound: a report from the American Society of 
Echocardiography’s Guidelines and Standards Committee and the Task 
Force on Prosthetic Valves, developed in conjunction with the American 
College of Cardiology Cardiovascular Imaging Committee, Cardiac 
Imaging Committee of the American Heart Association, the European 
Association of Echocardiography, a registered branch of the European 
Society of Cardiology, the Japanese Society of Echocardiography and 
the Canadian Society of Echocardiography, endorsed by the American 
College of Cardiology Foundation, American Heart Association, European 
Association of Echocardiography, a registered branch of the European 
Society of Cardiology, the Japanese Society of Echocardiography, 
and Canadian Society of Echocardiography. J Am Soc Echocardiogr. 
2009;22:975– 1014; quiz 1082- 1084. DOI: 10.1016/j.echo.2009.07.013.

 19. Mentias A, Saad M, Girotra S, Desai M, Elbadawi A, Briasoulis A, 
Alvarez P, Alqasrawi M, Giudici M, Panaich S, et al. Impact of pre- 
existing and new- onset atrial fibrillation on outcomes after transcatheter 
aortic valve replacement. JACC Cardiovasc Interv. 2019;12:2119– 2129. 
DOI: 10.1016/j.jcin.2019.06.019.

 20. Hioki H, Watanabe Y, Kozuma K, Yamamoto M, Naganuma T, Araki M, 
Tada N, Shirai S, Yamanaka F, Higashimori A, et al. Risk stratification 
using lean body mass in patients undergoing transcatheter aortic valve 
replacement. Catheter Cardiovasc Interv. 2018;92:1365– 1373. DOI: 
10.1002/ccd.27547.

 21. Shimura T, Yamamoto M, Kano S, Kagase AI, Kodama A, Koyama Y, 
Tsuchikane E, Suzuki T, Otsuka T, Kohsaka S, et al. Impact of the clin-
ical frailty scale on outcomes after transcatheter aortic valve replace-
ment. Circulation. 2017;135:2013– 2024. DOI: 10.1161/CIRCU LATIO 
NAHA.116.025630.

 22. Sato K, Harb S, Kumar A, Kapadia SR, Mick S, Krishnaswamy A, Desai 
MY, Griffin BP, Rodriguez LL, Tuzcu EM, et al. Impact of left ventricular 
diastolic function and survival in patients with severe aortic stenosis un-
dergoing transcatheter aortic valve replacement. PLoS One. 2018;13:1– 
13. DOI: 10.1371/journ al.pone.0196031.

 23. Asami M, Lanz J, Stortecky S, Räber L, Franzone A, Heg D, Hunziker 
L, Roost E, Siontis GC, Valgimigli M, et al. The impact of left ventricu-
lar diastolic dysfunction on clinical outcomes after transcatheter aortic 
valve replacement. JACC Cardiovasc Interv. 2018;11:593– 601. DOI: 
10.1016/j.jcin.2018.01.240.

 24. Hossein S, Bavry AAA. Left ventricular diastolic dysfunction and tran-
scatheter aortic valve replacement outcomes: a review. Cardiol Ther. 
2019;8:21– 28. DOI: 10.1007/s4011 9- 019- 0134- 5.

 25. Rozenbaum Z, Finkelstein A, Zhitomirsky S, Topilsky Y, Halkin A, Banai 
S, Bazan S, Barbash I, Segev A, Guetta V, et al. Impact of preproce-
dural left ventricle hypertrophy and geometrical patterns on mortal-
ity following TAVR. Am Heart J. 2020;220:184– 191. DOI: 10.1016/j.
ahj.2019.11.013.

 26. Varshney AS, Manandhar P, Vemulapalli S, Kirtane AJ, Mathew V, Shah 
B, Lowenstern A, Kosinski AS, Kaneko T, Thourani VH, et al. Left ven-
tricular hypertrophy does not affect 1- year clinical outcomes in patients 
undergoing transcatheter aortic valve replacement. JACC Cardiovasc 
Interv. 2019;12:373– 382. DOI: 10.1016/j.jcin.2018.11.013.

 27. Colli A, Besola L, Salizzoni S, Gregori D, Tarantini G, Agrifoglio M, 
Chieffo A, Regesta T, Gabbieri D, Saia F, et al. Does pre- existing aor-
tic regurgitation protect from death in patients who develop paraval-
vular leak after TAVI? Int J Cardiol. 2017;233:52– 60. DOI: 10.1016/j.
ijcard.2017.02.005.

 28. Seiler C, Jenni R. Severe aortic stenosis without left ventricular hyper-
trophy: prevalence, predictors, and short- term follow up after aortic 
valve replacement. Heart. 1996;76:250– 255. DOI: 10.1136/hrt.76.3.250.

 29. Lindman BR, Stewart WJ, Pibarot P, Hahn RT, Otto CM, Xu KE, Devereux 
RB, Weissman NJ, Enriquez- Sarano M, Szeto WY, et al. Early regres-
sion of severe left ventricular hypertrophy after transcatheter aortic 
valve replacement is associated with decreased hospitalizations. JACC 
Cardiovasc Interv. 2014;7:662– 673. DOI: 10.1016/j.jcin.2014.02.011.

 30. Chau KH, Douglas PS, Pibarot P, Hahn RT, Khalique OK, Jaber WA, 
Cremer P, Weissman NJ, Asch FM, Zhang Y, et al. Regression of left 
ventricular mass after transcatheter aortic valve replacement: the 
PARTNER trials and registries. J Am Coll Cardiol. 2020;75:2446– 2458. 
DOI: 10.1016/j.jacc.2020.03.042.

 31. Chen S, Redfors B, O’Neill BP, Clavel M- A, Pibarot P, Elmariah S, Nazif 
T, Crowley A, Ben- Yehuda O, Finn MT, et al. Low and elevated B- type 
natriuretic peptide levels are associated with increased mortality in pa-
tients with preserved ejection fraction undergoing transcatheter aortic 
valve replacement: an analysis of the PARTNER II trial and registry. Eur 
Heart J. 2020;41:958– 969. DOI: 10.1093/eurhe artj/ehz892.

 32. Wehner GJ, Jing L, Haggerty CM, Suever JD, Leader JB, Hartzel DN, 
Kirchner HL, Manus JNA, James N, Ayar Z, et al. Routinely reported 
ejection fraction and mortality in clinical practice: where does the nadir 
of risk lie? Eur Heart J. 2020;41:1249– 1257. DOI: 10.1093/eurhe artj/
ehz550.

https://doi.org/10.1016/0002-9149(93)90883-E
https://doi.org/10.1161/CIRCULATIONAHA.110.955039
https://doi.org/10.1161/CIRCULATIONAHA.110.955039
https://doi.org/10.1016/s0735-1097(99)00630-0
https://doi.org/10.1016/j.jcmg.2016.12.028
https://doi.org/10.1016/j.jcin.2020.03.011
https://doi.org/10.1136/openhrt-2020-001269
https://doi.org/10.1136/openhrt-2020-001269
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.1016/j.echo.2014.10.003
https://doi.org/10.4244/EIJV8I7A121
https://doi.org/10.1016/j.echo.2017.02.009
https://doi.org/10.1016/j.echo.2009.07.013
https://doi.org/10.1016/j.jcin.2019.06.019
https://doi.org/10.1002/ccd.27547
https://doi.org/10.1161/CIRCULATIONAHA.116.025630
https://doi.org/10.1161/CIRCULATIONAHA.116.025630
https://doi.org/10.1371/journal.pone.0196031
https://doi.org/10.1016/j.jcin.2018.01.240
https://doi.org/10.1007/s40119-019-0134-5
https://doi.org/10.1016/j.ahj.2019.11.013
https://doi.org/10.1016/j.ahj.2019.11.013
https://doi.org/10.1016/j.jcin.2018.11.013
https://doi.org/10.1016/j.ijcard.2017.02.005
https://doi.org/10.1016/j.ijcard.2017.02.005
https://doi.org/10.1136/hrt.76.3.250
https://doi.org/10.1016/j.jcin.2014.02.011
https://doi.org/10.1016/j.jacc.2020.03.042
https://doi.org/10.1093/eurheartj/ehz892
https://doi.org/10.1093/eurheartj/ehz550
https://doi.org/10.1093/eurheartj/ehz550


SUPPLEMENTAL MATERIAL 



Supplemental Methods

In multivariable analysis of all-cause mortality, the variables used for model adjustment 
were age, sex, body mass index, New York Heart Association functional class 3 or 4, 
dyslipidemia, chronic kidney disease, atrial fibrillation, chronic obstructive pulmonary 
disease, peripheral artery disease, coronary artery disease, active cancer, clinical frailty 
scale, transfemoral approach, hemoglobin, albumin <3.5 g/dl, brain natriuretic peptide, 
peak velocity, mean pressure gradient, LV geometry, left ventricular ejection fraction 
≤40%, deceleration time, SVi <35 ml/m2, systolic pulmonary artery pressure, mitral 
regurgitation ≥moderate, tricuspid regurgitation ≥moderate. In multivariable analysis of 
cardiovascular mortality, the variables used for model adjustment were age, sex, body 
mass index, New York Heart Association functional class 3 or 4, chronic kidney 
disease, atrial fibrillation, previous coronary artery bypass grafting, clinical frailty scale, 
transfemoral approach, albumin <3.5 g/dl, brain natriuretic peptide, LV geometry, left 
ventricular ejection fraction ≤40%, SVi <35 ml/m2, systolic pulmonary artery pressure, 
tricuspid regurgitation ≥moderate. 

Data S1.



Table S1. Percentage of missing value. 

Variables Percentage of missing value (%) 

Systolic pulmonary artery pressure 15.1 

E/e' 13.1 

Brain natriuretic peptide 12.8 

Stroke volume index 8.7 

Deceleration time 8.7 

Left ventricular end-systolic dimension 0.27 

Aortic valve area 0.08 

Mean pressure gradient 0.08 

Left ventricular geometry 0.08 

Interventricular septum thickness 0.04 

Posterior wall thickness 0.04 

Aortic regurgitation 0.04 



Table S2. Covariables before and after propensity score matching. 

Before propensity score matching After propensity score matching 

Small LV 
n = 466 

Non-small LV 
n = 2118 

Absolute 
SMD 

Small LV 
n = 330 

Non-small LV 
n = 330 

Absolute 
SMD 

Clinical data 

Age, yrs 85.0 (82.0-88.0) 85.0 (81.0-88.0) 0.089 85.0 (81.3-88.0) 85.0 (82.0-88.0) 0.016 

Male 150 (32.2) 643 (30.4) 0.039 104 (31.5) 104 (31.5) <0.001 

Body mass index, kg/m2 21.1 (18.5-23.5) 22.3 (20.0-24.6) 0.37 21.4 (19.0-24.0) 21.7 (19.2-23.7) 0.006 

Body surface area, m2 1.36 (1.26-1.50) 1.41 (1.30-1.55) 0.36 1.40 (1.29-1.50) 1.40 (1.28-1.50) 0.039 

NYHA 3 or 4 220 (47.2) 1098 (51.8) 0.093 156 (47.3) 141 (42.7) 0.09 

Hypertension 353 (75.8) 1634 (77.1) 0.033 225 (77.3) 252 (76.7) 0.014 

Dyslipidemia 177 (38.0) 935 (44.1) 0.13 135 (40.9) 134 (40.6) 0.006 

Diabetes mellitus 83 (17.8) 472 (22.3) 0.11 65 (19.7) 66 (20.0) 0.008 

Chronic kidney disease 288 (61.8) 1518 (71.7) 0.21 219 (66.4) 210 (63.6) 0.057 

Previous stroke 56 (12.0) 245 (11.6) 0.014 42 (12.7) 35 (10.6) 0.066 

COPD 68 (14.6) 317 (15.0) 0.011 50 (15.2) 42 (12.7) 0.07 

Peripheral artery disease 74 (15.9) 303 (14.3) 0.044 46 (13.9) 53 (16.1) 0.059 

Coronary artery disease 163 (35.0) 788 (37.2) 0.046 116 (35.2) 116 (35.2) <0.001 



Previous CABG 22 (4.7) 147 (6.9) 0.095 20 (6.1) 18 (5.5) 0.026 

Atrial fibrillation 92 (19.7) 457 (21.6) 0.045 63 (19.1) 69 (20.9) 0.045 

Permanent pacemaker 22 (4.7) 144 (6.8) 0.089 18 (5.5) 13 (3.9) 0.072 

Active cancer 22 (4.7) 101 (4.8) 0.002 13 (3.9) 18 (5.5) 0.072 

Clinical frail score 0.079 0.017 

1-4 334 (71.7) 1567 (74.0) 236 (71.5) 236 (71.5) 

5,6 108 (23.2) 474 (22.4) 83 (25.2) 82 (24.8) 

7,8 24 (5.2) 77 (3.6) 11 (3.3) 12 (3.6) 

STS score, % 6.59 (4.57-8.90) 6.54 (4.53-9.61) 0.051 6.47(4.57-8.90) 6.20(4.44-9.10) 0.078 

Hemoglobin, g/dl 11.4 (10.1-12.6) 11.2 (10.1-12.4) 0.13 11.3 (10.0-12.7) 11.5 (10.2-12.7) 0.09 

eGFR, ml/min/1.73m2 54.95(40.75-68.00) 49.88 (37.0-62.09) 0.23 51.8 (38.6-65.4) 54.3 (40.5-65.3) 0.06 

Albumin, g/dl 3.70 (3.40-4.00) 3.80(3.50-4.10) 0.15 3.70 (3.40-4.00) 3.80 (3.50-4.00) 0.045 

Albumin <3.5g/dl 123 (26.4) 493 (23.3) 0.072 86 (26.1) 79 (23.9) 0.049 

BNP, pg/ml 189.2 (91.1-442.3) 286.0 (127.6-598.4) 0.31 191 (97.2-443) 207 (98.7-417) 0.035 

Transfemoral approach 375 (80.5) 1788 (84.4) 0.1 270 (81.8) 275 (83.3) 0.04 

Echocardiographic data 

Aortic valve area, cm2 0.62 (0.50-0.72) 0.63 (0.50-0.75) 0.081 0.63 (0.52-0.73) 0.62 (0,51-0.73) 0.025 

Peak velocity, m/s 4.40 (4.00-5.00) 4.54 (4.08-5.10) 0.12 4.41 (4.00-5.03) 4.46 (4.00-4.96) 0.034 
Mean pressure gradient, 
mmHg 

46.0 (35.0-59.0) 48.2 (38.5-62.0) 0.14 46.0(36.0-60.0) 45.1 (37.0-58.9) 0.026 



Left atrial dimension, mm 38.0 (33.0-42.1) 42.6 (38.9-47.0) 0.69 39.6 (35.0-43.1) 40.0 (36.0-44.0) 0.03 

IVS, mm 12.0 (11.0-13.0) 11.8 (10.2-13.0) 0.2 12.0 (11.0-13.0) 12.0 (10.9-13.0) 0.099 

PWT, mm 11.5 (10.0-13.0) 11.0 (10.0-12.1) 0.12 11.0 (10.0-13.0) 11.5 (10.2-12.4) 0.063 

LVEF, % 64.9 (60.0-69.0) 61.0 (50.7-67.7) 0.49 64.0 (58.0-69.4) 64.0 (59.0-68.0) 0.026 

LVEF ≤40% 9 (1.9) 235 (11.1) 0.38 7 (2.1) 5 (1.5) 0.045 

E/A 0.67 (0.56-0.80) 0.70 (0.57-0.90) 0.16 0.68 (0.56-0.80) 0.65 (0.54-0.80) 0.095 

E/e` 19.2 (14.5-25.0) 19.9 (15.5-25.5) 0.13 19.2 (14.6-24.2) 19.0 (14.5-24.3) 0.043 

Deceleration time 248 (201-316) 239 (183-306) 0.11 248 (202-310) 255 (194-311) 0.046 

SVi, ml/m2 40.8 (30.5-50.4) 45.4 (36.9-54.4) 0.4 43.1 (33.6-50.9) 43.5 (34.1-52.9) 0.09 

SVi <35ml/m2 152 (36.0) 381 (19.7) 0.37 79 (26.5) 87 (28.8) 0.051 
Systolic pulmonary artery 
pressure, mmHg 

29.0 (25.0-36.0) 31.0 (25.2-39.0) 0.17 29.0 (25.0-36.0) 29.1 (25.0-36.0) 0.057 

AR ≥moderate 29 (6.2) 243 (11.5) 0.19 23 (7.0) 23 (7.0) <0.001 

MR ≥moderate 18 (6.0) 161 (12.4) 0.22 24 (7.3) 29 (8.8) 0.056 

TR ≥moderate 30 (6.4) 173 (8.2) 0.067 21 (6.4) 21 (6.4) <0.001 

Data are shown as median (25th-75th percentile) for continuous variables and number (percentage) for categorical variables. AR indicates 
aortic regurgitation; BNP, brain natriuretic peptide; CABG, coronary artery bypass grafting; COPD, chronic obstructive pulmonary 
disease; eGFR, estimated glomerular filtration rate; IVS, interventricular septum thickness; LV, left ventricle; LVEF, left ventricular 
ejection fraction; MR, mitral regurgitation; NYHA, New York Heart Association; PWT, posterior wall thickness; SMD, standardized mean 
difference; STS, Society of Thoracic Surgeons; SVi, stroke volume index; and TR, tricuspid regurgitation.



Table S3. Full univariable and multivariable model results of 2-year all-cause mortality. 

Univariable analysis Multivariable analysis 

HR (95% CI) P value HR (95% CI) P value 

Small LV 1.51 (1.20-1.90) <0.001 1.58 (1.20-2.09) 0.0013 

Age (per 1 yrs increase) 1.01 (0.99-1.03) 0.2 0.98 (0.96-1.00) 0.14 

Male 1.65 (1.35-2.01) <0.001 1.99 (1.59-2.48) <0.001 

Body mass index (per 1kg/m2 increase) 0.93 (0.90-0.95) <0.001 0.97 (0.94-0.99) 0.025 

NYHA 3 or 4 1.86 (1.52-2.28) <0.001 1.38 (1.11-1.72) 0.004 

Dyslipidemia 0.69 (0.56-0.84) <0.001 0.78 (0.63-0.97) 0.029 

Diabetes mellitus 1.16 (0.92 (1.46) 0.2 

Chronic kidney disease 1.53 (1.21-1.92) <0.001 1.33 (1.04-1.71) 0.023 

Atrial fibrillation 1.41 (1.13-1.76) 0.003 0.96 (0.74-1.20) 0.65 

COPD 1.59 (1.25-2.02) <0.001 1.28 (1.00-1.67) 0.051 

Peripheral artery disease 1.85 (1.46-2.33) <0.001 1.28 (0.99-1.65) 0.054 

Coronary artery disease 1.27 (1.04-1.55) 0.02 1.13 (0.91-1.40) 0.26 

Previous CABG 1.37 (0.96-1.94) 0.082 

Active cancer 1.76 (1.22-2.52) 0.005 1.96 (1.34-2.84) <0.001 

Clinical frailty scale (per 1 group 

increase) 

1.36 (1.27-1.46) <0.001 1.25 (1.16-1.36) <0.001 

Transfemoral approach 0.65 (0.52-0.82) <0.001 0.76 (0.59-0.97) 0.031 

Hemoglobin (per 1g/dl increase) 0.82 (0.76-0.86) <0.001 0.87 (0.81-0.93) <0.001 

Albumin <3.5g/dl 2.82 (2.31-3.44) <0.001 1.71 (1.37-2.15) <0.001 

Brain natriuretic peptide (per 1pg/ml 

increase) 

1.00 (1.00-1.00) 0.079 0.99 (0.99-1.00) 0.66 

Peak velocity (per 1m/s increase) 0.77 (0.68-0.88) <0.001 0.79 (0.54-1.15) 0.22 

Mean pressure gradient (per 1mmHg 

increase) 

0.99 (0.98-0.99) <0.001 1.00 (0.99-1.02) 0.56 



Left atrial dimension (per 1mm 

increase) 

1.01 (0.99-1.03) 0.08 

Concentric Remodeling (for normal) 0.94 (0.72-1.22) 0.6 0.62 (0.38-1.02) 0.063 

Concentric LVH (for normal) 0.88 (0.72-1.07) 0.2 0.79 (0.51-1.21) 0.28 

Eccentric LVH (for normal) 1.16 (0.88-1.53) 0.3 0.84 (0.51-1.36) 0.47 

LVEF ≤40% 1.38 (1.02-1.87) 0.04 0.80 (0.55-1.16) 0.23 

E/e` (per 1 increase) 1.00 (0.99-1.01) 0.8 

Deceleration time (per 1sec increase) 0.99 (0.99-0.99) 0.02 0.99 (0.99-1.00) 0.5 

SVi <35 ml/m2 1.46 (1.17-1.82) <0.001 1.17 (0.87-1.55) 0.29 

Systolic pulmonary artery pressure (per 

1mmHg increase) 

1.02 (1.01-1.03) <0.001 1.01 (0.99-1.02) 0.29 

Mitral regurgitation ≥moderate 1.45 (1.10-1.91) 0.01 0.95 (0.69-1.30) 0.73 

Tricuspid regurgitation ≥moderate 2.76 (2.12-3.59) <0.001 2.12 (1.53-2.95) <0.001 

CABG indicates coronary artery bypass grafting; CI, confidence interval; COPD, chronic obstructive 

pulmonary disease; HR, hazard ratio; LV, left ventricle; LVEF, left ventricular ejection fraction; LVH, left 

ventricular hypertrophy; NYHA, New York Heart Association; and SVi, stroke volume index. 



Table S4. Full univariable and multivariable model results of 2-year cardiovascular mortality. 

Univariable analysis Multivariable analysis 

HR (95% CI) P value HR (95% CI) P value 

small LV 1.66 (1.17-2.38) 0.005 1.93 (1.25-2.98) 0.0028 

Age (per 1 yrs increase) 0.99 (0.96-1.02) 0.57 0.97 (0.95-1.01) 0.12 

Male 1.85 (1.35-2.54) <0.001 2.07 (1.48-2.89) <0.001 

Body mass index (per 1kg/m2 increase) 0.95 (0.91-0.99) 0.034 0.98 (0.94-1.03) 0.39 

NYHA 3 or 4 2.21 (1.58-3.09) <0.001 1.68 (1.17-2.41) 0.005 

Dyslipidemia 0.89 (0.65-1.23) 0.89 

Diabetes mellitus 1.33 (0.93-1.89) 0.11 

Chronic kidney disease 1.65 (1.13-2.42) 0.01 1.50 (1.00-2.23) 0.048 

Atrial fibrillation 1.47 (1.03-2.08) 0.032 0.98 (0.68-1.40) 0.89 

COPD 1.43 (0.97-2.12) 0.073 

Peripheral artery disease 1.97 (1.37-2.84) <0.001 

Coronary artery disease 1.50 (1.10-2.06) 0.011 

Previous CABG 2.66 (1.72-4.12) <0.001 2.02 (1.26-3.25) 0.0036 

Active cancer 0.53 (0.20-1.43) 0.21 

Clinical frailty scale (per 1 group increase) 1.29 (1.15-1.45) <0.001 1.19 (1.05-1.35) 0.0069 

Transfemoral approach 0.60 (0.42-0.87) 0.007 0.71 (0.48-1.03) 0.073 

Hemoglobin (per 1g/dl increase) 0.88 (0.80-0.97) 0.008 

Albumin <3.5g/dl 2.58 (1.88-3.54) <0.001 1.71 (1.20-2.43) 0.003 

Brain natriuretic peptide (per 1pg/ml 

increase) 

1.00 (1.00-1.01) 0.066 1.00 (0.99-1.00) 0.94 

Peak velocity (per 1m/s increase) 0.72 (0.59-0.89) 0.002 

Mean pressure gradient (per 1mmHg 

increase) 

0.99 (0.98-1.00) 0.017 

Left atrial dimension (per 1mm increase) 1.01 (0.99-1.04) 0.2 



Concentric Remodeling (for normal) 0.99 (0.66-1.50) 0.98 0.68 (0.30-1.51) 0.34 

Concentric LVH (for normal) 0.79 (0.58-1.09) 0.15 0.83 (0.41-1.68) 0.62 

Eccentric LVH (for normal) 1.42 (0.94-2.15) 0.1 0.85 (0.39-1.88) 0.68 

LVEF ≤40% 2.13 (1.41-3.23) <0.001 1.09 (0.64-1.84) 0.75 

E/e` (per 1 increase) 0.99 (0.98-1.01) 0.6 

Deceleration time (per 1sec increase) 0.99 (0.99-0.99) <0.001 

SVi <35 ml/m2 2.03 (1.45-2.84) <0.001 1.35 (0.93-1.95) 0.11 

Systolic pulmonary artery pressure (per 

1mmHg increase) 

1.02 (1.01-1.03) <0.001 1.01 (0.99-1.02) 0.41 

Mitral regurgitation ≥moderate 1.68 (1.10-2.56) 0.016 

tricuspid regurgitation ≥moderate 3.17 (2.13-4.73) <0.001 2.47 (1.49-4.08) <0.001 

CABG indicates coronary artery bypass grafting; CI, confidence interval; COPD, chronic obstructive 

pulmonary disease; HR, hazard ratio; LV, left ventricle; LVEF, left ventricular ejection fraction; LVH, left 

ventricular hypertrophy; NYHA, New York Heart Association; and SVi, stroke volume index. 



Table S5. Univariable and multivariable Cox regression analysis in the model using 

continuous LVEDD.

CI indicates confidence interval; HR, hazard ratio; and LVEDD, left ventricular end-diastolic dimension. 

LVEDD (per 1 mm decrease) 

Unadjusted Adjusted 

HR (95% CI) P value HR (95% CI) P value 

All-cause mortality 1.00 (0.99-1.01) 0.84 1.03 (1.01-1.05) 0.008 

Cardiovascular mortality 0.99 (0.97-1.02) 0.48 1.04 (1.01-1.09) 0.026 



Table S6. Univariable and multivariable Cox regression analysis in the model using 

continuous LVEDD/BSA.

BSA indicates body surface area; CI, confidence interval; HR, hazard ratio; and LVEDD, left ventricular 

end-diastolic dimension. 

LVEDD/BSA (per 1 mm/m2 decrease) 

Unadjusted Adjusted 

HR (95% CI) P value HR (95% CI) P value 

All-cause mortality 1.00 (0.97-1.01) 0.47 1.03 (1.01-1.06) 0.025 

Cardiovascular mortality 0.99 (0.95-1.02) 0.41 1.04 (1.00-1.09) 0.047 



Table S7. Univariable and multivariable Cox regression analysis in the model using LVEDD < 40mm. 

CI indicates confidence interval; HR, hazard ratio; and LVEDD, left ventricular end-diastolic dimension. 

LVEDD < 40 mm 

Unadjusted Adjusted 

HR (95% CI) P value HR (95% CI) P value 

All-cause mortality 1.23 (0.99-1.54) 0.064 1.57 (1.21-2.07) <0.001 

Cardiovascular mortality 1.33 (0.94-1.89) 0.10 1.74 (1.18-2.57) 0.005 



Figure S1. Landmark analysis at 6 months in the overall and matched cohort. 

LV indicates left ventricle. 



Figure S2. Subgroup Analyses of valve sizes and types. 

LV indicates left ventricle. 



Figure S3. Kaplan-Meier curves of all-cause and cardiovascular mortality stratified by the severity 

of PVL in the overall and matched cohort.

LV indicates left ventricle; and PVL, paravalvular leak. 


