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We compared the long-term outcomes and difference in dilatation rates of the ascending
aorta after aortic valve (AV) replacement (AVR) between bicuspid and tricuspid AV patients,
and evaluated risk factors associated with ascending aorta dilatation and aortic events during
the follow-up. Of 1,127 patients who underwent AVR from 1995 to 2015, 259 patients with a
dilated ascending aorta (≥40 mm in diameter) were included. The patients were divided into
those with bicuspid (group bicuspid aortic valve [BAV], n = 105) and with tricuspid (group
tricuspid aortic valve [TAV], n = 154) AV, and a propensity score-matched analysis was per-
formed to match 98 patients in each group. The differences in the dilation rate of the ascend-
ing aorta and long-term outcomes were analyzed. Risk factors for ascending aorta dilatation,
mortality, and aortic events were identified. Follow-up was completed in 100% of patients
with a median follow-up duration of 106.1 [68.8, 163.0] months. The early clinical outcomes
and dilation rate of the ascending aorta were similar between the groups. Overall survivals
up to 15 years postoperatively were similar between groups BAV and TAV (p = 0.223). Aortic
events occurred in 6 patients (groups BAV vs TAV, 2 vs 4;p = 0.678). Preoperative ascending
aorta diameter showed a linear relationship with the dilatation rate of ascending aorta (p
<0.001) and was related to progressive aortic dilatation and aortic events (odds ratio: 1.25, p
<0.001 and hazard ratio = 1.56, p <0.001, respectively). In conclusion, the long-term out-
comes and ascending aorta dilatation rate were similar between the BAV and TAV patients
up to 15 years after AVR. Bicuspid AV was not a risk factor of mortality or aortic events.
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The bicuspid aortic valve (AV) has a prevalence of 1.3%
in the general population, and is known to be related to aor-
tic stenosis, regurgitation, and aortic aneurysm.1 Aortop-
athy occurs in about 50% of patients with bicuspid AV, and
the incidence of ascending aortic dissection in patients with
bicuspid AV is estimated to be approximately 6 to 8 times
higher than that in the general population.2,3 Hemodynamic
and genetic components have been suggested to be related
to the pathogenesis of aortic dilatation in bicuspid AV
patients.4−6 Progressive dilatation of the ascending aorta
was also reported after AV replacement (AVR) and aggres-
sive replacement of the ascending aorta was suggested in
bicuspid AV patients at the time of AVR.7−11 By contrast,
others have demonstrated favorable survival rates, freedom
from aortic events, or ascending aorta dilation in bicuspid
AV patients after AVR.12−17 The aims of the present study
were (1) to compare the long-term outcomes and assess the
difference in the dilatation rates of the ascending aorta after
AVR between the patients with bicuspid and tricuspid AV,
and (2) to evaluate risk factors associated with ascending
aorta dilatation and aortic events during the postoperative
follow-up.
Methods

The study protocol was reviewed by the Institutional
Review Board and was approved as a minimal-risk retro-
spective study (approval number: 4-2019-0410) that did not
require individual consent based on the institutional guide-
lines for waiving consent.

Of 1,127 patients who underwent AVR without other
valve surgery from January 1995 to December 2015, 259
patients who had a dilated ascending aorta (40 to 55 mm in
maximal diameter, as assessed by preoperative transtho-
racic 2-dimensional echocardiography) were studied. The
diameter of ascending aorta was also measured by contrast-
enhanced computed tomography (CT) preoperatively if the
maximal diameter of ascending aorta was measured as
≥40 mm by preoperative transthoracic 2-dimensional echo-
cardiography. Patients with a maximal aortic diameter
>55 mm were not included because concomitant proce-
dures on the ascending aorta were also performed in those
patients. Three hundred thirty patients who underwent con-
comitant procedures on the ascending aorta (ascending
aorta replacement or wrapping with prosthetic vascular
graft; n = 239), underwent aortic root replacement (n = 89),
and had connective tissue disease such as Marfan or Ehlers-
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Danlos syndrome (n = 2) were excluded. The other 538
patients who had an ascending aorta <40 mm in maximal
diameter were also excluded. However, 35 patients who
underwent other concomitant surgical procedures, such as
coronary artery bypass grafting (n = 29), ventricular septal
defect closure (n = 2), septal myectomy (n = 2), coronary
arteriovenous fistula closure (n = 1), and surgery for atrial
fibrillation (n = 1) were included. The patients were divided
into 2 groups based on the intraoperative description of
valve morphology by the surgeon: patients with bicuspid
AV (group bicuspid aortic valve [BAV], n = 105) and tri-
cuspid AV (group tricuspid aortic valve [TAV], n = 154)
patients. Propensity score-matched analysis based on 14
variables was performed to adjust for differences in the pre-
operative characteristics, and 98 patients in each group
were extracted by 1:1 matching (Figure 1). Before match-
ing, group BAV patients were younger than group TAV
patients. After matching, however, no significant differen-
ces were found in the demographic data between the
matched groups, and all covariates were well balanced
between the groups with a standardized mean difference
≤10% (Supplementary Table S1).

Patients underwent regular postoperative follow-up
examinations at the outpatient clinic at 5- to 6-month inter-
vals, and their survival status or the presence of aortic and
cardiovascular events was collected by reviewing electronic
medical records. In addition, the data for vital statistics and
death from cardiovascular diseases were obtained from
death certificates available at Statistics Korea, a central
organization for statistics under the Ministry of Strategy
Figure 1. Summary flow diagram of patients.
and Finance. The clinical and echocardiographic follow-up
examinations were closed on June 30, 2019. The follow-up
data were complete in 100% (259/259) of patients, with a
median follow-up duration of 106.1[68.8, 163.0] months.
Operative death was defined as death occurring within
30 days after AVR or during the same hospital stay. Cardiac
death was defined as any death related to cardiac events,
including sudden death during the follow-up. An aortic
event was defined as the occurrence of aortic dissection or
an operation on the ascending aorta during the follow-up.

The preoperative echocardiographic data within 3
months prior to surgery and last postoperative echocardio-
graphic follow-up data of the patients were analyzed. The
last follow-up echocardiograms were performed at a
median of 79.2[38.7, 139.0] months postoperatively. Multi-
ple echocardiographic measurements of the maximal diam-
eter of the proximal ascending aorta were performed in
systole using the parasternal long-axis view, and the maxi-
mal diameter was used in the analysis. The body surface
area (BSA)-indexed diameter of the ascending aorta (mm/
m2) and height-indexed diameter of the ascending aorta
(mm/m) were calculated as suggested by previous stud-
ies.18,19 The dilatation rate of the ascending aorta was cal-
culated as follows: dividing the differences between the
preoperative and last follow-up ascending aorta diameters
by the follow-up duration (mm/months). The patient was
regarded as “a progressive dilator” if the ascending aorta
diameter increased at the last follow-up echocardiogram at
least 6 months after surgery compared with the preoperative
value.

Statistical analysis was performed using R software, ver-
sion 3.6.0. Continuous data were expressed as mean § stan-
dard deviation for normally distributed variables or as
medians [interquartile range] for non-normally distributed
variables according to the Shapiro-Wilk test, and categoric
data were expressed as counts (percentages). For propensity
score-matching, 14 variables—sex, age, body mass index,
atrial fibrillation, hypertension, chronic renal failure, diabe-
tes mellitus, chronic obstructive pulmonary disease, periph-
eral vascular obstructive disease, stroke history, coronary
artery disease, New York Heart Association classifications,
smoking, and left ventricular dysfunction (left ventricular
ejection fraction <0.35)—were used. Propensity score-
matching analysis was performed using R software
(MatchIt package), and nearest neighbor matching with cal-
iper size of 0.1 was used to match the groups in a 1:1 man-
ner. Comparisons between continuous variables were made
using Student’s t test for normally distributed data or the
Wilcoxon rank-sum test for non-normally distributed data.
Categoric variables were compared using Chi-squared test.
When ≥20% of the expected counts were ≤5, Fisher’s exact
test was used. McNemar test and paired t test were used for
the comparison of the matched data. Logistic regression
analysis was performed to identify the variables associated
with progressive dilators. Overall survival, freedom from
cardiac death and aortic events were analyzed using
Kaplan-Meier survival curves, and comparisons between
the groups were performed using the log-rank test. The Cox
proportional hazard model was used to identify risk factors
that affect the long-term survival and aortic events. Varia-
bles that achieved p <0.05 in the univariable analysis were
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entered into the multivariable analysis. Receiver-operating
characteristic (ROC) curve analysis of the preoperative
ascending aorta diameter for the occurrence of aortic events
was performed, and optimal cutoff values and areas under
the curve were identified (Epi package, pROC package).
Figure 2. Changes in the ascending aorta dimeter during the follow-up

between the BAV and TAV groups.
Results

One operative mortality occurred with no intergroup dif-
ferences between the matched groups (p >0.999). Postoper-
ative complications, including bleeding reoperations, acute
renal failure, stroke, and respiratory complications, were
similar between the groups. The types of valve used
(p = 0.631) and patient-prosthesis mismatch (defined as an
indexed effective orifice area ≤0.85 cm2/m2; p >0.999)
were not different between the matched groups. Concomi-
tant surgical procedures were performed in 35 patients
without a significant intergroup difference (p = 0.292). The
preoperative diameter of the ascending aorta (p = 0.910)
and the dilatation rate of the ascending aorta during the fol-
low-up (p = 0.477) showed no difference between the
matched groups (Table 1, Figure 2). Among the variables,
the preoperative diameter of the ascending aorta was associ-
ated with progressive aortic dilation (odds ratio: 1.25; 95%
confidence interval [CI]: 1.13 to 1.41; p <0.001) and
showed a linear relationship with the growth rate of the
ascending aorta (p <0.001; Supplementary Figure S1).
Bicuspid AV was not associated with progressive aortic
dilation (odds ratio: 1.24; 95% CI: 0.73 to 2.12; p = 0.429;
Table 2).

All-cause mortalities occurred in 40 patients (groups
BAV vs TAV: 12 vs 28, respectively), including 6 cardiac
deaths (groups BAV vs TAV: 2 vs 4, respectively), during
the follow-up period. There were 6 aortic events during the
Table 1

Comparison of the operative data and postoperative results

All study patient

group BAV group T

(n = 105) (n = 1

Operative data

Operative mortality 0 1 (0.6

Type of artificial valve

Mechanical 78 (74.3%) 92 (59.

Bioprosthetic 27 (25.7%) 62 (40.

Patient-prosthesis mismatch 21 (20.0%) 32 (20.

Concomitant operation 12 (11.4%) 23 (14.

CPB time (minutes) 100.0 [86.0, 124.0] 101.5 [84.0

ACC time (minutes) 72.0 [64.0, 91.0] 70.5 [60.0

Postoperative complications

Bleeding reoperation 0 3 (1.9

ARF 1 (1.0%) 1 (0.6

Stroke 3 (2.9%) 4 (2.6

Respiratory complications) 0 1 (0.6

Follow-up outcomes

Growth rate of diameter of ascending aorta

(millimeters/month)

-0.003 § 0.0154 -0.025 §

Progressive dilators 41/95 (43.2%) 52/138 (3

BAV, bicuspid aortic valve; BMI, body mass index; BSA, body surface a

Association; TAV, tricuspid aortic valve.
follow-up (groups BAV vs TAV: 2 vs 4, respectively):
scheduled operations on the ascending aorta due to progres-
sive aortic dilatation (n = 3; groups BAV vs TAV: 1 vs 2,
respectively), aortic dissection (n = 2; group TAV), and
dilated ascending aorta replacement during redo-AVR
(n = 1; group BAV). The overall survival at postoperative 5,
10, and 15 years were 97.1%, 91.7%, and 81.4%, respec-
tively, in group BAV, and 95.4%, 86.5%, and 74.2%,
respectively, in group TAV. Freedom from cardiac death at
postoperative 5, 10, and 15 years were 99.0%, 99.0%, and
96.2%, respectively, in group BAV, and 99.2%, 99.2%, and
s Propensity score-matched patients

AV P group BAV group TAV P

54) (n = 98) (n = 98)

%) >.999 0 1 (1.0%) >.999
.022 .631

7%) 73 (74.5%) 69 (70.4%)

3%) 25 (25.5%) 29 (29.6%)

8%) >.999 20 (20.4%) 19 (19.4%) >.999
9%) .532 10 (10.2%) 16 (16.3%) .292

, 126.0] .866 99.5 [85.0, 124.0] 102.0 [85.0, 130.0] .901

, 90.0] .303 72.0 [64.0, 92.0] 71.0 [60.0, 95.0] .535

%) .397 0 2 (2.0%) .477

%) >.999 1 (1.0%) 1 (1.0%) >.999
%) >.999 3 (3.1%) 3 (3.1%) >.999
%) >.999 0 0 >.999

0.1922 .408 -0.004 § 0.0153 -0.036 § 0.2392 .477

7.7%) .482 36/89 (40.4%) 34/92 (37.0%) .742

rea; LVEF, left ventricular ejection fraction; NYHA, New York Heart



Table 2

Univariable logistic regression analysis for the dilation of the ascending

aorta diameter (“progressive dilators”)

Variables Odds Ratio (95% CI) P

Male sex 0.765 (0.450−1.298) .320

Age 0.979 (0.957−1.002) .072

BSA 0.470 (0.106−2.024) .314

BMI 1.022 (0.945−1.106) .588

Hypertension 0.871 (0.512−1.475) .608

Smoking 0.880 (0.496−1.545) .659

Bicuspid aortic valve 1.256 (0.737−2.140) .402

Preoperative AS 1.083 (0.640−1.837) .766

Preoperative AR 1.134 (0.662−1.939) .645

Preoperative AS severity 0.996 (0.826−1.203) .968

Preoperative AR severity 0.955 (0.797−1.144) .618

Patient-prosthesis mismatch 1.201 (0.620−2.302) .582

Mechanical prosthetic valve 1.151 (0.660−2.030) .622

Preoperative ascending aorta diameter 1.253 (1.125−1.409) <.001

AR = aortic regurgitation; AS = aortic stenosis; BMI = body mass index;

BSA = body surface area; NYHA =New York Heart Association.
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96.7%, respectively, in group TAV. Freedom from aortic
event at postoperative 5, 10, and 15 years were 100.0%,
98.1%, and 98.1%, respectively, in group BAV, and 99.3%,
99.3%, and 95.0%, respectively, in group TAV. No differ-
ences were found in the overall survival, freedom from car-
diac deaths and aortic events between groups BAV and
TAV and between the matched groups (Figure 3).

Multivariable analysis by the Cox proportional hazard
model revealed age to be a significant predictor of all-cause
mortality (hazard ratio [HR]: 1.08; 95% CI: 1.03 to 1.12; p
<0.001), and bicuspid AV was not analyzed to be a risk fac-
tor of mortality (HR: 0.66; 95% CI: 0.33 to 1.30; p = 0.226;
Table 3). The preoperative (HR: 1.56; 95% CI: 1.26 to
1.93; p <0.001), preoperative BSA-indexed (HR: 1.38;
95% CI: 1.11 to 1.71; p = 0.003), and preoperative height-
indexed (HR: 1.63; 95% CI: 1.26 to 2.11; p <0.001) ascend-
ing aorta diameters were predictors of aortic events. The
bicuspid AV was not a risk factor for aortic events (HR:
0.70; 95% CI: 0.12 to 3.88; p = 0.680). Regarding aortic dis-
section among the aortic events, BSA-indexed (HR: 1.44;
95% CI: 1.02 to 2.04; p = 0.039) and height-indexed
ascending aorta diameters (HR: 2.20; 95% CI: 1.19 to 4.05;
p = 0.012), rather than the ascending aorta diameter, were
analyzed to be predictors of aortic events (Table 4). The
cutoff values of the preoperative, preoperative BSA-
indexed, and preoperative height-indexed ascending aorta
diameters for postoperative aortic events were 45.5 mm
(sensitivity: 83.3%; specificity: 82.6%), 27.85 mm/m2 (sen-
sitivity: 83.3%; specificity: 72.7%), and 28.85 mm/m2 (sen-
sitivity: 83.3%; specificity: 84.2%), respectively. The
preoperative, preoperative BSA-indexed, and preoperative
height-indexed ascending aorta diameters were significant
factors predicting postoperative aortic events with areas
under the curve of 0.908 (p <0.001), 0.808 (p =0.010), and
0.814 (p = 0.009), respectively (Supplementary Figure S2).
Discussion

The present study demonstrated four main findings.
First, patients with bicuspid and tricuspid AV showed
similar ascending aorta dilation rates at a median follow-up
of 79.2 months after AVR. Second, patients with bicuspid
and tricuspid AV showed similar long-term clinical out-
comes up to 15 years postoperatively in terms of overall
survival, freedom from cardiac death and aortic events.
Third, the preoperative and preoperative indexed ascending
aorta diameters were risk factors for aortic events during
the follow-up. Fourth, the bicuspid AV was not a risk factor
for survival or aortic events after AVR in patients with
ascending aorta dilatation.

The current guidelines recommend ascending aorta
aneurysms of bicuspid AV patients to be treated similarly
to those of tricuspid AV patients.20,21 However, recent
studies are still reporting progressive dilatation of
ascending aorta aneurysm in bicuspid AV patients after
AVR. The study by Girdauskas et al included 325 iso-
lated AVR patients and showed similar freedom from
aortic events between bicuspid and tricuspid AV patients
with aortic stenosis and ascending aorta dilatation.22

However, in their subsequent study which included 56
patients with bicuspid AV insufficiency and a root diame-
ter of 40 to 50 mm, Girdauskas et al reported progressive
dilatation of the aortic root and risk of aortic events after
isolated AVR and recommended aggressive aortic sur-
gery in this “root phenotype” bicuspid AV patients.11

Another meta-analysis demonstrated a 10-fold higher risk
of aortic dissection after AVR in bicuspid AV insuffi-
ciency patients than in bicuspid AV stenosis patients.9

The present study included 105 bicuspid and 154 tricus-
pid AV patients with dilated ascending aorta and showed
similar ascending aorta dilation rates at a median follow-
up of 6.5 years after AVR before and after propensity
score-matching. Although no significant increase in the
mean ascending aorta diameter was demonstrated in the
current study, the preoperative diameter of the ascending
aorta was a factor related to the ascending aorta dilation
and a linear relationship was found between the preopera-
tive ascending aorta diameter and dilation rate of the
ascending aorta.

The present study demonstrated no statistical differences
in overall survival, cardiac mortality-free survival and free-
dom from aortic events up to 15 years postoperatively
between the 2 groups as well as before and after propensity
score-matching. In addition, the bicuspid AV and preopera-
tive AV insufficiency were not related to aortic events such
as aortic dissection. The preoperative and preoperative
indexed ascending aorta diameters were related to the aortic
events, and the preoperative indexed ascending aorta diam-
eter was only related to aortic dissection. Previous studies
have emphasized indexed aortic dimensions using either
BSA or height for the risk evaluation because using the
absolute ascending aorta diameter in the risk stratification
of aortic events may have limitations when the patient’s
size or height is not considered.19,23,24 The present study
also showed that BSA- and height-indexed ascending aorta
diameters, rather than the absolute ascending aorta diame-
ter, were significant factors related to aortic dissections dur-
ing the follow-up. Although the incidence of aortic events
was low in the present study, ROC curve analysis revealed
that the cutoff value of the preoperative ascending aorta
diameter for aortic event occurrence was 45.5 mm, which
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Figure 3. Comparison of the (A) overall survival, (C) cardiac mortality-free survival and (E) freedom from aortic events between the BAV and TAV groups

in all study patients. Comparison of the (B) overall survival, (D) cardiac mortality-free survival and (F) freedom from aortic events between the matched

BAV and TAV groups.
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Table 3

Univariable and multivariable predictors of all-cause mortality

Univariable analysis Multivariable analysis

Variables HR (95% CI) P HR (95% CI) P

Male sex 1.21 (0.64−2.29) .564

Age 1.09 (1.05−1.14) <.001 1.08 (1.03−1.12) <.001
BMI 1.05 (0.95−1.16) .334

Hypertension 2.03 (1.08−3.83) .028 1.21 (0.60−2.41) .595

Atrial fibrillation 1.65 (0.58−4.65) .345

Chronic renal failure 2.28 (0.80−6.46) .122

Diabetes mellitus 3.14 (1.34−7.39) .009 2.22 (0.91−5.40) .079

Chronic obstructive pulmonary disease 1.51 (0.35−6.46) .577

History of stroke 1.94 (0.59−6.32) .272

Coronary artery disease 2.59 (1.31−5.15) .006 1.34 (0.64−2.80) .441

Peripheral vascular obstructive disease 3.93 (1.19−12.97) .025 1.54 (0.44−5.43) .504

Smoking 1.74 (0.93−3.27) .085

NYHA class 2.02 (1.31−3.10) .001 1.43 (0.87−2.36) .159

Severity of preoperative AS 0.99 (0.80−1.22) .907

Severity of preoperative AR 0.94 (0.75−1.16) .556

Patient-prosthesis mismatch 1.50 (0.76−2.96) .248

Bicuspid aortic valve 0.66 (0.33−1.30) .226

Preoperative ascending aorta diameter 1.05 (0.95−1.16) .315

AR = aortic regurgitation; AS = aortic stenosis; BMI = body mass index; BSA = body surface area; NYHA =New York Heart Association.
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was similar to the threshold value for ascending aorta
replacement suggested by the current guidelines.20,21

The present study has limitations that must be recognized.
First, the present study was not performed in a prospective
randomized manner, although propensity score-matching was
performed to overcome the limitations of a retrospective
study. Second, the sample size of this study was too small to
conclude the usefulness of the indexed ascending aorta diame-
ter in predicting postoperative outcomes. Larger studies with
a long-term follow-up may be needed. Third, the follow-up
and measurement of the ascending aorta were performed by
echocardiography, rather than CT, although transthoracic
echocardiography is proven to be a feasible and accurate tech-
nique.25 If the preoperative ascending aorta diameter mea-
sured by transthoracic echocardiography is ≥40 mm in
maximal diameter, contrast-enhanced CT was also performed
Table 4

Univariable predictors of aortic events and aortic dissections

A

Variables HR (95% C

Male sex 1.34 (0.25−7
Age 0.95 (0.89−1
BMI 0.98 (0.75−1
Hypertension 1.08 (0.19−6
Atrial Fibrillation 3.37 (0.38−29
Smoking 2.32 (0.46−11
NYHA class 0.36 (0.11−1
Preoperative AS 1.08 (0.21−5
Preoperative AR 1.57 (0.30−8
Severity of preoperative AS 0.97 (0.55−1
Severity of preoperative AR 0.84 (0.47−1
Bicuspid aortic valve 0.70 (0.12−3
Preoperative ascending aorta diameter 1.56 (1.26−1
BSA-indexed preoperative ascending aorta diameter 1.38 (1.11−1
Height-indexed preoperative ascending aorta diameter 1.63 (1.26−2

AR = aortic regurgitation; AS = aortic stenosis; BMI = body mass index; BSA =
to reduce the risk of over- or under-estimation. The difference
in diameter was used as one of the major parameters to mini-
mize bias caused by using echocardiography rather than CT
as a diagnostic tool. Fourth, the bicuspid AV phenotype and
aortopathy types were not included in the analysis, although
previous studies reported correlations of the bicuspid
AV phenotype and aortopathy types with postoperative
outcomes.26,27

In conclusion, the long-term outcomes and ascending
aorta dilation rates were similar between bicuspid and tri-
cuspid AV patients up to 15 years after AVR. Bicuspid AV
was not a risk factor of mortality or aortic events during the
follow-up. Adherence to the current guidelines seems
adequate, and aggressive surgical treatment of the dilated
ascending aorta in bicuspid AV patients may not be
indicated.
ortic Events Aortic Dissections

I) P HR (95% CI) P

.36) .733 0.76 (0.05−12.08) .843

.01) .105 0.99 (0.88−1.11) .870

.28) .866 1.57 (0.98−2.51) .063

.08) .927 n.c. >.999
.51) .273 n.c. >.999
.66) .307 n.c. >.999
.15) .085 n.c. >.999
.53) .925 n.c. >.999
.17) .593 n.c. >.999
.70) .916 n.c. >.999
.49) .555 n.c. >.999
.88) .680 n.c. >.999
.93) <.001 3.49 (0.36−33.44) .278

.71) .003 1.44 (1.02−2.04) .039

.11) <.001 2.20 (1.19−4.05) .012

body surface area; NYHA =New York Heart Association.
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