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Background: There are limited data to describe the relationship between the transvalvular gradient and
mortality among patients who undergo aortic valve replacement.
Methods: Using the National Echo Database Australia, valvular hemodynamics were characterized in 3,943
men (mean age, 62 6 18 years) and 2,107 women (mean age, 62 6 19 years) who underwent aortic valve
replacement (median follow-up duration, 770 days; interquartile range, 381–1,584 days). The degree of
impaired valvular hemodynamics (IVH) was categorized as mild (mean gradient 10.0–19.9 mm Hg, peak velocity 2.0–2.9 m/sec), moderate (mean gradient 20.0–39.9 mm Hg, peak velocity 3.0–3.9 m/sec), or severe (mean
gradient $ 40.0 mm Hg, peak velocity $ 4 m/sec or effective orifice area < 0.8 cm2).
Results: Overall, 2,175 (36.0%), 2,598 (42.9%), 698 (11.5%), and 579 (9.6%) patients had no, mild, moderate,
and severe IVH, respectively. Those with residual moderate or severe IVH had 5-year mortality of 45.5% and
57.3%, respectively, and higher adjusted long-term all-cause mortality (adjusted hazard ratios, 1.44 and 2.02;
P < .001) compared with ‘‘no IVH.’’ Patients with mild IVH had similar mortality rates to those without IVH. A
mortality threshold was evident above a mean transvalvular gradient >22.5 mm Hg after adjusting for age,
sex, stroke volume index, aortic regurgitation, and effective orifice area.
Conclusions: After aortic valve replacement, most patients displayed an acceptable aortic valve hemodynamic profile. Moderate to severe IVH, however, was associated with poor long-term survival, with a threshold
for increased mortality similar to that of native valvular aortic stenosis evident. (J Am Soc Echocardiogr
2020;33:1077-86.)
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The key objective in aortic valve replacement (AVR) is to restore, as
nearly as possible, normal transvalvular flow.1 However, several challenges in valve design may limit the capacity to achieve this ideal. For
example, native aortic annular size may limit the size of the prosthesis
that can be inserted. Moreover, to improve both stability and
longevity, most AVR prostheses involve a structural ring seated at or
near the native aortic valve (AV) annulus, along with other valve components associated with the leaflets.2 These components often
decrease the size of the native AV annulus and result in transvalvular
flow acceleration, despite modern refinement of valve design.3 Also,
with time, other factors may contribute to an increased degree of
obstruction. For example, in biological valves (surgical and transcatheter), there may be thrombus formation, tissue ingrowth, leaflet
fibrosis, pannus, and calcification.4-7 Alternatively, in mechanical
valves, increased gradients may be due to leaflet pannus formation
or thrombus in the setting of insufficient anticoagulation.4
We recently demonstrated a threshold of about 20 mm Hg in
mean AV gradient among 25,827 individuals with native valvular
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aortic stenosis (AS),8 above
which there is a progressive rise
AR = Aortic regurgitation
in mortality. Accordingly, in
such individuals, both moderate
AS = Aortic stenosis
and severe AS confer an
AV = Aortic valve
increased risk for short-to longterm mortality. Whether prosAVR = Aortic valve
thetic
AV
hemodynamics
replacement
measured using clinical echocarEOA = Effective orifice area
diography follow a similar risk
trajectory to native valvular AS
HR = Hazard ratio
has
not
been
studied.
IVH = Impaired valvular
Furthermore,
whether
the
risk
hemodynamics
associated with increasing valve
LHD = Left heart disease
gradients is independent of the
effective orifice area (EOA) is unNEDA = National Echo
clear. Because of the importance
Database Australia
of both surgical AVR (SAVR)9
SAVR = Surgical aortic valve
and
transcatheter
AVR
replacement
(TAVR)10,11
to
successfully
improve the survival prospects
SVi = Stroke volume index
of an increasing number of paTAVR = Transcatheter aortic
tients affected by AS, we therevalve replacement
fore sought to more definitively
determine the prognostic impact
of residual levels of impaired valvular hemodynamics (IVH) in those
who underwent prior AVR.
Abbreviations

STUDY HYPOTHESES
We used the National Echo Database Australia (NEDA), with its capacity
to individually link echocardiographic findings with long-term mortality
in a large patient population.12 We first hypothesized that a prospective
analysis of short- and long-term survival outcomes (including 1- and 5year actual survival) according to residual IVH (applying the same thresholds to characterize severity of AS in those with native AVs)9,13 would
confirm a gradient of increasing risk with respect to all-cause and cardiovascular disease–related mortality after AVR. We further hypothesized
that a more granular examination of survival outcomes according to
the statistical distribution of AV parameters, regardless of factors such
as concurrent age, sex, left heart disease (LHD), or EOA, would reveal
a threshold of increased mortality.
METHODS
Study Setting and Design
As described previously in our original report,12 and two recent analyses of the prognostic implications of pulmonary hypertension14
and native valve AS,8 respectively, NEDA is a very large observational
registry that captures individual echocardiographic data (combined
with basic demographic profiling) on a retrospective and prospective
basis from participating centers throughout Australia (https://www.
neda.net.au/participating-sites/). At the time of study census, a total
of 12 centers had contributed >500,000 investigations (20 million
measurements) from >350,000 individuals undergoing echocardiography. Individuals attending these centers are typically referred by primary care physicians or cardiologists to investigate potential heart
disease or are being followed up as part of routine management of
a heterogeneous range of cardiovascular disease states. Moreover,
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NEDA collects echocardiographic data on every individual managed
by participating centers. These data can then be individually linked to
health outcomes (see below). NEDA is also registered with the publicly accessible Australian New Zealand Clinical Trials Registry
(ACTRN12617001387314). Ethical approval has been obtained
from all relevant human research ethics committees, and this study
complies with the Declaration of Helsinki.
Study Data
All echocardiographic measurement and report data contained in
the echocardiography database of a participating center are collected
(study period April 11, 2020, to June 13, 2017). Each database is
remotely transferred into a central database using a ‘‘vendor-agnostic’’
automated data extraction process that transfers every measurement
for each echocardiographic examination performed into a standard
NEDA data format. Precise definitions for each echocardiographic
variable are applied. Variables with the same names as in the
NEDA standard are automatically matched, and those with different
names are manually matched with the NEDA standard by the principal investigator. Duplicate measurements with different naming
conventions are combined. Units are transformed to the single
NEDA standard, and repeated measures for the same variable are
converted to a single variable according to the NEDA study protocol.
Additional text recognition software captures free-text, clinical comments, and conclusions, and these were used to identify individuals
who had undergone AVR. A continuously updated NEDA data dictionary is maintained in a master NEDA database, which forms the
basis for all subsequent analyses.
To address the prespecified hypotheses, individual NEDA data
were linked to Australia’s National Death Index, managed by the
Australian Institute of Health and Welfare.15 With enhanced probability matching, this linkage provided reliable data on the survival status
of individuals up to the study census date of October 20, 2017. If an
individual had died, the listed primary cause of death was categorized
according to International Statistical Classification of Diseases and
Related Health Problems, Tenth Revision, Australian Modification,
coding. Subsequently, consistent with previous reports of this type,
all chapter codes in the range of I00 to I99 were considered to represent cardiovascular disease–related death.15
Study Cohort
Data censored as of October 20, 2017, were used to identify men
and women aged $18 years and those with at least one echocardiographic investigation. For study analyses, only data from the last recorded echocardiographic examination were used. The overall
cohort of 313,492 adults included 162,464 men (52%) and 151,028
women, with a similar age profile (mean ages, 61 6 17 and
62 6 19 years, respectively). Those with evidence of prior AVR
(6,050 patients) with a (measured or calculable) mean transvalvular
gradient in 5,240 cases (86.6%), peak transvalvular velocity in 5,928
cases (98.0%), and/or EOA in 2,319 cases (38.3%) were included in
the present analysis (Figure 1). The type of AVR was documented in
2,867 patients (47%), including SAVR in 2,315 (81%) and TAVR in
552 (19%). Mechanical AVR was documented in 1,358 patients
(47%) and bioprosthetic AVR in 1,509 patients (53%, including TAVR).
Study Methods
The American Society of Echocardiography guideline recommendations for the evaluation of prosthetic heart valves using
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HIGHLIGHTS
 AVR haemodynamics were assessed from the National Echo
Database of Australia.
 Mild, moderate, or severely impaired valvular hemodynamics
(IVH) were examined.
 5-year mortality was similar for normal haemodynamics and
mild IVH.
 5-year mortality was 45.5% for moderate IVH and 57.3% for
severe IVH.
 A mean gradient mortality threshold of 22.5 mm Hg was
similar to native valve AS.
echocardiography3 focus predominantly on peak prosthetic AV velocity. We chose to apply current guideline recommendations for the
evaluation of native valvular AS13 using mean gradient as the primary
variable, along with peak velocity as an additional measure. To account
for the potential effect of pressure recovery,16 we also corrected mean
gradients for pressure recovery as an additional measure. EOA was
calculated using the continuity equation and used to identify patients
with low-gradient severe IVH in the setting of stroke volume index
(SVi) <35 mL/beat/m2. All patients were initially categorized as
follows: (1) optimal valve hemodynamics (mean AV
gradient < 10 mm Hg and/or peak AV velocity < 2.0 m/s); (2) mildly
impaired valve hemodynamics (mild IVH, mean AV gradient 10.0–
19.9 mm Hg and/or peak AV velocity 2.0–2.9 m/sec), (3) moderately
impaired valve hemodynamics (moderate IVH, mean AV gradient
20.0–39.9 mm Hg and/or peak AV velocity 3.0–3.9 m/sec), or (4)
severely impaired valve hemodynamics (severe IVH), characterized
as either high gradient (mean gradient > 40.0 mm Hg and/or peak
velocity > 4.0 m/sec) or low gradient (EOA # 0.8 cm2 in the absence
of high-gradient severe IVH).
These same AV parameters were also categorized according to their
quintile distribution (data for men and women were combined given
similar distributions) and then examined in more granular details (see
‘‘Statistical Analyses’’). LHD was defined as one or more of (1) left ventricular ejection fraction < 55%, (2) mitral E/e0 ratio > 12.0, (3) left atrial volume index > 34 mL/m2, or (4) mitral valve mean gradient > 5 mm Hg.
Study Follow-Up
All patients were followed from the date of their last recorded echocardiographic examination to the point of death or being censored
alive at the census point. The pattern of all-cause and
cardiovascular-related mortality during a median follow-up period
of 770 days (interquartile range, 381–1,584 days) was derived
from 2,004 case fatalities and then examined according to the
severity of IVH and then the statistical distribution of AV parameters.
Statistical Analyses
Because the study cohort was derived (by convenience according
to AVR status) from the large NEDA cohort,12 no formal calculations
of study power were performed. However, to our knowledge, this
represents the largest study of the relationship between IVH and mortality in the setting of AVR. Unless otherwise specified, between-group
comparisons were assessed using Student’s t test, the Mann-Whitney
U test, the c2 test (with calculation of odds ratios and 95% CIs) and
analysis of variance (with post hoc Dunnett’s t test) as appropriate.

Actual 1- and 5-year survival rates (all-cause and cardiovascularrelated) were calculable in the 5,558 (91.9%) and 2,312 (38.2%) patients with complete follow-up at these time points. Consistent with
study hypotheses, survival comparisons (including Kaplan-Meier survival curves) first explored potential differences between conventional categories of increasing severity of IVH. Survival analyses
then primarily focused on the statistical distribution of mean AVR
gradient and peak AVR velocity. Multiple logistic regression (entry)
models were used to derive adjusted odds ratios for mortality outcomes at fixed time points. Cox proportional-hazard models (entry
model with proportional hazards confirmed by visual inspection of
adjusted survival curves) were used to derive adjusted hazard ratios
(HRs) for mortality outcomes during long-term follow-up. All
adjusted analyses included age and sex. Where available and appropriate, models included EOA (as a continuous variable, to adjust for
impaired ventricular function and/or patient-prosthesis mismatch),
aortic regurgitation (AR), left ventricular ejection fraction, and SVi.
A priori, sensitivity analyses were performed in the presence or
absence of concurrent LHD to determine if they should be reported
and interpreted separately. All analyses were performed with SPSS
version 26.0 (SPSS, Chicago, IL), and statistical significance accepted
at a 2-sided P value of <.05.

RESULTS
Cohort Profile
Table 1 summarizes the broad demographic and echocardiographic
characteristics of the study cohort categorized by clinical severity,
comprising 3,943 men (mean age, 69 6 16 years) and 2,107 women
(mean age, 71 6 16 years; P < .001 for age comparison). Of these,
769 (13%) underwent multiple (valve-in-valve or redo valve replacement) procedures. Overall, of the 6,050 patients, AVR function was
normal (no IVH) in a total of 2,175 (36.0%; 95% CI, 34.8%–37.2%),
mild IVH was seen in 2,598 (42.9%; 95% CI, 41.7%–44.2%), moderate IVH in 698 (11.5%; 95% CI, 10.7%–12.3%), and severe IVH in 242
patients with high-gradient (4.0%; 95% CI, 3.5%–4.5%) and in 337
with severe low-gradient IVH (5.6%; 95% CI, 5.0%–6.2%).
Accordingly, the profiles of mean transvalvular gradient/peak transvalvular velocity were 5.8 6 2.0 mm Hg/1.6 6 0.3 m/sec for no IVH,
12.7 6 3.1 mm Hg/2.4 6 0.3 m/sec for mild IVH, 24.0 6 4.6 mm
Hg/3.3 6 0.3 m/sec for moderate IVH, and 32.8 6 18.9 mm Hg/
3.6 6 1.0 m/sec for severe IVH (both high and low gradient).
Concurrently, 1,240 of 4,162 patients (30%) had documented left ventricular ejection fractions <55% and/or any echocardiographic evidence of LHD (in 3,279 [54%]) at the time of their last
echocardiographic examination. A small ascending aorta (<3.0 cm)
was noted in only 255 of 6,050 patients (4.2%).
Survival according to Severity of IVH
As shown in Table 2 (1- and 5-year actual survival rates), short- and
long-term mortality rates were high overall but increased according
to increasing severity of IVH, rising from 41.7% all-cause mortality
at 5 years in those with no IVH to 57.3% in those with severe IVH
(a 1.4-fold increased risk on an unadjusted basis from the lowest to
the highest AVR gradient). Overall, on an adjusted basis, although
the risk for both all-cause and cardiovascular-related mortality was
similar in those with no and mild IVH, it was significantly higher in
those with moderate to severe IVH. Using a statistical distribution of
IVH based on a combination of mean transvalvular gradient and
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Figure 1 Study flowchart. This flowchart shows the critical points of analyses performed in this study. IQR, Interquartile range; VTI,
velocity-time integral.
peak transvalvular velocity, as shown in Figure 2, there was a dichotomy of increased risk for long-term all-cause mortality associated with
moderate to severe IVH that strengthened when adjusting for EOA as
a continuous variable. This dichotomy remained after adjusting the
mean transvalvular gradient for pressure recovery and when adjusting
for EOA as a continuous variable. Similarly, the results were unchanged after adjusting for the presence of AR and for bioprosthetic
versus mechanical AVR.

Survival according to Distribution of AV Hemodynamics
A distinct gradient of mortality risk was evident when survival curves,
adjusting for age, sex, and concurrent LHD, were derived from the
quintile
distribution
of
mean
transvalvular
gradient
(Supplemental Figure 1A), with a J-shaped pattern of increased
risk associated with the lowest and highest quintile levels
compared with those in the middle quintile groups. The highest
level of mortality risk was associated with upper quintile of
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Table 1 Baseline characteristics of study cohort (N = 6,050)
Characteristic

Normal AVR function
(n = 2,175)

Mild IVH
(n = 2,598)

Moderate IVH
(n = 698)

Severe IVH, high
gradient (n = 242)

Severe IVH, low
gradient (n = 337)

67.2 6 16.7

71.3 6 14.8

69.2 6 16.2

74.6 6 15.0

73.9 6 15.4

709 (32.6)

809 (31.1)

272 (39.0)

123 (50.8)

194 (57.6)

26.9 6 4.7

27.2 6 4.9

27.7 6 5.5

27.4 6 5.7

26.2 6 6.0

4.8 6 0.8

4.7 6 0.8

4.7 6 0.8

4.5 6 0.7

4.5 6 0.8

Demographic profile
Age, y
Sex, Female
Anthropometrics
Body mass index, m/kg2
Left ventricular dimensions and function
LVDD, cm
LVSD, cm

3.5 6 1.0

3.2 6 0.9

3.1 6 1.0

3.0 6 0.8

3.1 6 1.1

LVEF, %

55.6 6 13.9

58.3 6 12.9

61.6 6 12.4

59.9 6 12.2

55.9 6 55.5

Medial E/e0 ratio

14.2 6 8.3

16.1 6 7.8

17.0 6 8.0

19.6 6 9.7

20.5 6 9.5

8.7 6 3.2

9.4 6 3.4

9.9 6 3.4

10.0 6 3.6

9.0 6 3.2
28.2 6 8.1

Medial mitral annular E0
velocity, m/sec

35.7 6 11.7

41.2 6 12.5

47.1 6 12.2

37.8 6 11.0

TR peak velocity, m/sec

2.7 6 0.5

2.8 6 0.5

2.3 6 0.6

3.0 6 0.6

3.0 6 0.6

Peak LVOT velocity, m/sec

0.9 6 0.2

1.1 6 0.3

1.2 6 0.3

1.1 6 0.5

0.9 6 0.2

18.2 6 5.4

21.5 6 6.1

24.4 6 6.6

24.3 6 7.8

19.9 6 5.9

LA volume index, mL/m2

44.1 6 30.1

46.9 6 25.8

46.4 6 27.4

52.2 6 33.6

50.5 6 27.3

RA area, cm2

22.5 6 6.8

22.6 6 8.2

21.5 6 8.1

22.0 6 7.2

22.2 6 10.7

Peak AVR velocity, m/sec

1.6 6 0.3

2.4 6 0.3

3.3 6 0.3

4.5 6 0.6

2.9 6 0.6

SVi, mL/m2

Mean LVOT VTI
Atrial dimensions

AVR function
Mean AVR gradient, mm Hg

5.8 6 2.0

12.7 6 3.1

24.0 6 4.6

49.9 6 15.5

20.2 6 8.3

EOA, cm2

2.2 6 0.8

1.7 6 0.5

1.5 6 0.4

0.7 6 0.3

0.8 6 0.2

EOA (peak velocity), cm2

2.2 6 0.8

1.6 6 0.5

1.3 6 0.3

0.7 6 0.3

0.8 6 0.2

74 (3.4)

81 (3.1)

31 (4.4)

38 (15.7)

26 (7.7)

1,145 (52.6)

1,406 (54.1)

379 (54.3)

155 (64.0)

194 (57.6)

AR
LHD
Any manifestation

LA, Left atrial; LVDD, left ventricular diastolic diameter; LVEF, left ventricular ejection fraction; LVSD, left ventricular systolic diameters; LVOT, left
ventricular outflow tract; RA, right atrial; TR, tricuspid regurgitation; VTI, velocity-time integral.
Data are expressed as mean 6 SD or as number (percentage). Data were available for 1,757 patients to calculate body mass index; 4,162 and 1,403
patients to calculate LVEF and SVi, respectively; and 5,928, 5,240, and 2,319 patients to calculate peak transvalvular velocity, mean transvalvular
gradient, and EOA, respectively.

mean transvalvular gradient (>19.6 mm Hg). A similar J-shaped
pattern of risk (P = .002 overall) was observed with respect to
cardiovascular-related mortality, with a 1.15-fold difference (95%
CI, 0.97–1.37; P = .12) in risk between the lowest and highest
quintiles of mean transvalvular gradient. The equivalent figures
derived from the quintile distribution of peak transvalvular velocity (Supplemental Figure 1B) displayed a more dichotomous
pattern of risk, with clearly higher risk for all-cause mortality
among those in the highest quintile (>2.90 m/sec) of statistical
distribution, with a mortality HR of 1.32 (95% CI, 1.14–1.53;
P < .001). For cardiovascular-related mortality, the highest level
of risk (relative to the lowest quintile) was clearly associated
with the highest quintile of peak transvalvular velocity (>2.9 m/
sec), with an HR of 1.36 (95% CI, 1.14–1.63; P < .001).
To identify the point of separation of mortality, the adjusted risk
was examined in 2.5 mm Hg increments in mean AVR gradient.
Compared with those with no IVH, patients with mean gradients of
10.0 to 12.4, 12.5 to 14.9, and 15.0 to 17.5 mm Hg had identical
risk profiles. We therefore chose the group with mean gradients of

15.0 to 17.4 mm Hg as the reference group against which to compare
higher gradients, shown in Figure 3. Among the 1,301 patients with
mean transvalvular gradients >15.0 mm Hg and minimum 1-year
follow-up, actual 1-year all-cause mortality was 67 of 480 (13.9%;
15.0–17.49 mm Hg [reference group]), 71 of 386 (18.3%; 17.5–
19.99 mm Hg), 30 of 182 (14.6%; 20.0–22.49 mm Hg), 33 of 150
(22%; 22.5–24.99 mm Hg), 32 of 140 (22.8%; 25.0–27.49 mm
Hg), and 114 of 452 (25.2%; $27.5 mm Hg), suggesting a pivot point
of increased risk for mortality around a mean transvalvular gradient of
22.5 to 25.0 mm Hg. Figure 3 demonstrates that this is indeed the
case, with all-cause mortality adjusted for age, sex, and concurrent
LHD consistently 1.3- to 1.4-fold higher than in those with mean
transvalvular gradients between15.0 and 17.5 mm Hg. When introduced into the model, SAVR versus TAVR did not change this observation (HR, 0.99; 95% CI, 0.75–1.30; P = .939). Similarly, correction
for both EOA and body surface area provided a similar pivot point.
For cardiovascular-related mortality the statistical point of difference
in adjusted risk was found at a level of >25.0 mm Hg, although the
same pattern of increased risk around a mean transvalvular gradient
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Table 2 Survival profile and adjusted risk for mortality according to severity of IVH
Degree of IVH

All patients

1-y Mortality (n = 5,558)

5-y Mortality (n = 2,312)

All fatal events (n = 6,050)

Cardiovascular mortality
(n = 6,050)

950 (17.1%)

1,041 (45.0%)

2,004 (33.1%)

1,278 (21.1%)

Normal AVR flow
(n = 2,175)

271/2,007 (13.5%)
Reference

331/793 (41.7%)
Reference

630 (29.0%)
Reference

406 (18.7%)
Reference

Mild IVH
(n = 2,598)

400/2,396 (16.7%)
OR, 1.12 (95% CI,
0.94–1.33)

476/1047 (45.5%)
OR, 0.97 (95% CI,
0.80–1.19)

873 (33.6%)
HR, 1.00 (95% CI,
0.90–1.11)

541 (20.8%)
HR, 0.97 (95% CI,
0.85–1.10)

Moderate IVH
(n = 698)

136/639 (21.3%)*
OR, 1.63 (95% CI,
1.29–2.06)

140/308 (45.5%)
OR, 1.02 (95% CI,
0.77–1.36)

267 (38.3%)†
HR, 1.22 (95% CI,
1.06–1.41)

171 (24.5%)‡
HR, 1.21 (95% CI,
1.01–1.45)

Severe IVH
(n = 579)

143/516 (27.7%)*
OR, 1.97 (95% CI,
1.55–2.51)

94/164 (57.3%)‡
OR, 1.46 (95% CI,
1.01–2.11)

234 (40.4%)*
HR, 1.40 (95% CI,
1.20–1.63)

160 (27.6%)*
HR, 1.45 (95% CI,
1.20–1.74)

Risk for mortality adjusted for age, sex, concurrent LHD, and EOA.
*P < .001.
†
P < .01.
‡
P < .05.

Figure 2 Adjusted long-term survival according to severity of IVH. This graph compares the adjusted survival curves of patients with
increasing categories of IVH. The inset shows those survival curves derived from the same model but with EOA added as a continuous
variable (data available in 2,319 individuals): adjusted HR per unit decrease, 0.89 (95% CI, 0.77–1.03; P = .112). An additional model
with SVi data added (available in 1,403 individuals) generated the same results as shown in the inset: adjusted HR per unit increase in
SVi, 0.98 (95% CI, 0.97–0.99; P < .001) and 1.05 (95% CI, 0.82–1.35; P = .705), 1.92 (95% CI, 1.43–2.60; P < .001), and 1.84 (95% CI,
1.26–2.67; P = .002) for mild, moderate, and severe IVH gradient versus optimal hemodynamics. The adjusted HRs for age (per year)
were 1.05 (95% CI, 1.05–1.06; P < .001), for men versus women 1.11 (95% CI, 1.01–1.22; P = .028), and for LHD versus the rest of the
cohort 1.09 (95% CI, 1.00–1.20; P = .057). CV, Cardiovascular.
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Figure 3 Adjusted risk for all-cause mortality above a mean transvalvular gradient of 15.0 mm Hg. Granular analysis of the adjusted
risk for all-cause mortality during long-term follow-up above a mean transvalvular gradient of >15.0 mm Hg (reference value) in
2.5 mm Hg increments up to a value of above 27.5 mm Hg. The adjusted HRs for age were 1.04 (95% CI, 1.03–1.05; P < .001), for
men versus women 1.09 (95% CI, 0.93–1.27; P = .305), and for LHD 1.03 (95% CI, 0.88–1.27; P = .684). For cardiovascularrelated mortality, the equivalent HRs for groups A, B, C, D, and E were 1.17 (95% CI, 0.88–1.55; P = .272), 1.06 (95% CI, 0.74–
1.51; P = .766), 1.37 (95% CI, 0.94–2.02; P = .102), 1.49 (95% CI, 1.04–2.13; P = .030), and 1.43 (95% CI, 1.10–1.86; P = .007),
respectively.
of >22.5 mm Hg was evident. This is also shown in Figure 4, in which
the HR is examined in 2.5 mm Hg increments of mean gradient, starting at 10 mm Hg (mild IVH). For a mean gradient between 10 and
22.5 mm Hg, the HR for all-cause mortality was similar, with a significant increase in hazard observed for all gradients >22.5 mm Hg.
Figure 5 plots the risk for 1-year mortality for normal valve function
and mild, moderate, or severe IVH, showing the clear increase in mortality with moderate and severe IVH.

DISCUSSION
To our knowledge, this is the largest ever analysis of survival across the
full spectrum of IVH among patients who underwent AVR, demonstrating high rates of mortality in both moderate and severe IVH
when applying thresholds from current guidelines on native valvular
AS.9 After adjusting for age, sex, and other potential confounders
(including concurrent LV dysfunction and high- and low-flow states),
those with moderate or greater IVH had a high short- and long-term
risk for death (Figure 5). Consistent with the purpose for intervention
with either SAVR or TAVR, most patients (four in five) had no or mild
IVH, and this was associated with a similar long-term survival
outcome to that demonstrated in previous studies.17-19 Conversely,
when applying more granular statistical analysis of AV parameters,
we identified a threshold of increased risk for longer term all-cause

and cardiovascular-related mortality around a mean transvalvular
gradient of 22.5 mm Hg and a peak transvalvular velocity of
3.0 m/sec. This threshold was evident when plotting both actual
and adjusted survival rates and provides a clear signal that IVH after
AVR follows a similar mortality trajectory as native valve AS.8
Without being able to attribute causality, there are a number of
possible explanations for the most important finding from our study,
an increased adjusted risk for mortality around a threshold of IVH
equivalent to moderate native valve AS. For example, it is possible
that patients with transvalvular gradients in the moderate range
may die of other comorbid causes. Moreover, the gradient across
the AVR itself may have contributed to their outcomes, following a
parallel pathway to native valvular AS. Differing valve size and design
may have resulted in the potential for patient prosthesis mismatch.2
We considered this potential by correcting the AV gradient for the
EOA as a continuous variable (Figure 2). After correction, a clear increase in mortality above a mean gradient of 22.5 mm Hg remained,
suggesting that the EOA itself is not the primary determinant of risk.
This finding is consistent with those of previous studies.20 In addition,
we corrected the mean AV gradient for EOA and body surface area,
resulting in a similar mortality threshold, suggesting that patientprosthesis mismatch may follow a similar trajectory to pathologic
valve stenosis. The gradient across the AVR may also have been
due to thrombus formation.4,5 In bioprosthetic AVR, this may lead
to progressive leaflet sclerosis, calcification, and restricted leaflet
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Figure 4 Pivot point for all-cause mortality above a mean transvalvular gradient of 10.0 mm Hg. HRs for mortality in 2.5 mm Hg mean
gradient increments for all degrees of IVH, starting at a reference of 10 mm Hg. The red text above the x axis shows 1-year mortality
within each gradient increment, and the corresponding black text is 5-year mortality. Adjusted HRs for the overall cohort are presented in the text box.
opening,6 which may require reintervention with the associated
increased risk for mortality.6,7 Cardiac structural changes occurring
as a result of native valvular AS may also not have been reversed after
AVR, resulting in an unchecked residual risk for death. Notably, our
observation of higher left ventricular mass, lower E0 velocity, higher
E/e0 ratio, increased left atrial volume index, and higher tricuspid
regurgitation velocity in those in the highest quintile of transaortic
gradient suggests an adverse phenotypic profile in the setting of
ongoing left ventricular pressure loading. Alternatively, despite the
increased risk for mortality overall, those who achieve transvalvular
gradients equivalent to no or mild native valve AS had the best survival profiles.
The effect on mortality of the AV gradient after AVR has been
considered in previous studies. During long-term follow-up of
2,276 patients from a single center who had gradients measured
6 weeks after AVR, there was no significant association between
mean AVR gradient and mortality.21 After 5-year follow-up of
TAVR recipients, severe IVH (affecting 1.9% of recipients) had 60%
mortality,19 similar to that demonstrated in the present study.
Neither the PARTNER-311 nor the SURTAVI22 trial specifically addressed IVH, although both SAVR and TAVR overall were associated
with excellent outcomes at 12 months11 and 24 months22 of followup. In the PARTNER-3 low-risk study, all-cause mortality at 12 months
was 1.0% for TAVR versus 2.5% for SAVR (P = NS). In the SURTAVI

intermediate-risk trial, corresponding mortality at 24 months was
11.4% for TAVR versus 11.6% for SAVR. The effects of adverse preoperative echocardiographic signs, such as left ventricular systolic
dysfunction,23,24 impaired SVi,24-26 small left ventricular cavity
size,27 increased filling pressure,24,27 left ventricular hypertrophy,27
and pulmonary hypertension,25 have all been associated with poorer
short- and long-term outcomes after AVR. In addition, we have
demonstrated a similar adverse risk in native valvular AS.8 Taken
together, these findings suggest that patients with ongoing cardiac
structural changes that either do not reverse after AVR or continue
to progress in association with IVH are associated with poorer outcomes.
Limitations
There are several limitations inherent to the NEDA cohort and methodology, many of which have been described previously.12 This includes our lack of granular clinical data (e.g., degree of
anticoagulation, observation of thrombus within the AVR, presence
of endocarditis). To address this, the effects of comorbidities and conditions such as coronary artery disease, along with findings from
repeated echocardiographic studies, are planned in future studies using NEDA data. Also, specific to this report, significant AR can increase the systolic transvalvular gradient because of increased flow,
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Figure 5 One-year mortality according to degree of IVH. Age- and sex-adjusted HRs with 95% CIs for mortality for each of the four
IVH categories: optimal valve hemodynamics (mean gradient < 10 mm Hg), mild (mean gradient 10.0–19.9 mm Hg, peak velocity 2.0–
2.9 m/sec), moderate (mean gradient 20.0–39.9 mm Hg, peak velocity 3.0–3.9 m/sec), or severe (mean gradient $ 40.0 mm Hg, peak
velocity $ 4 m/sec, or EOA < 0.8 cm2) IVH.
which could have been a confounder of the mortality gradient
observed. However, on an adjusted basis, neither cardiologistreported AR severity nor SVi (as a marker of volume loading) influenced the threshold for increased mortality we identified.
Moreover, we did not evaluate AVR on the basis of manufacturer,
valve size, or valve type; we plan to do so in future studies.
Comprehensive reference ranges for these parameters have been previously published.3,28 We also note that some prosthetic valve reference ranges include a mean gradient above the mortality threshold
demonstrated in the present study. Whether the gradient at which
mortality increases is consistent across all prosthetic valve types requires further evaluation in a large cohort. Despite obvious differences between native and prosthetic heart valves, comparisons
based on gradient and EOA are still possible using velocity-time integral, and correction for pressure recovery13 did not significantly influence our results. We also used the last known echocardiographic
examination and therefore did not investigate whether the degree
of IVH increased over time, nor did we examine the chronology of
cardiac structural changes in relation to timing of AVR.

CONCLUSION
In a very large cohort of patients who underwent prior AVR, we
examined long-term survival across the spectrum of IVH and demonstrated that even moderate IVH was associated with increased rates of
mortality. Importantly, the increased mortality is independent of EOA
or the effects of pressure recovery. As such, we confirm that increased
flow gradients across an AVR are not benign, following a similar mortality trajectory to moderate and severe native valvular AS, with a crit-

ical threshold for increased mortality being evident above a mean AV
gradient of 22.5 mm Hg.
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Supplemental Figure 1 Adjusted long-term survival according to quintile distribution of mean transvalvular gradients and peak transvalvular velocity levels. Adjusted survival curves derived from the quintile distribution of mean transvalvular gradient (A) and peak
transvalvular velocity (B) among 5,240 and 5,928 individuals, respectively. There is a J-shaped pattern of mortality, with the lowest
and highest quintiles demonstrating the highest mortality compared with the middle three quintiles.

