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ABSTRACT

Introduction: Hemodynamic measurements
can assess for paravalvular aortic regurgitation
after transcatheter aortic valve replacement
(TAVR). This study compared the utility of dif-
ferent invasive hemodynamic measures in pro-
viding prognostic information.
Methods: This retrospective observational
study of TAVR patients at a Veterans Hospital
assessed aortic regurgitation index, diastolic
delta, pulse pressure, and heart rate adjusted
diastolic delta obtained at valve implantation.
The primary outcome was total mortality.

Results: Overall, 151 patients underwent
TAVR. Immediately after implantation, mean
aortic regurgitation index was 31 ± 8.6, mean
diastolic delta was 38 ± 9.8 mmHg, mean pulse
pressure was 67 ± 18 mmHg, and mean heart
rate adjusted diastolic delta was
47 ± 14.3 mmHg/beats per minute. Two per-
cent of patients had Cmoderate paravalvular
aortic regurgitation by postoperative transtho-
racic echocardiography. Total mortality was
15.2% at a mean follow-up of 12.7 ±

9.2 months. Aortic regurgitation index\25 vs.
C25, diastolic delta \19 vs. C19 mmHg, and
pulse pressure [60 vs. B60 mmHg were not
associated with total mortality. However, total
mortality was 50% for heart rate adjusted dias-
tolic delta \25 mmHg/beats per minute vs.
12.6% for heart rate adjusted diastolic delta
C25 mmHg/beats per minute (p = 0.017). In a
multivariate Cox regression analysis, heart rate
adjusted diastolic delta \25 mmHg/beats per
minute vs. heart rate adjusted diastolic delta
C25 mmHg/beats per minute was associated
with total mortality (hazard ratio 9.4, 95%
confidence interval 2.0–44, p = 0.004).
Conclusions: Among a cohort of TAVR
patients, the only invasive hemodynamic test
independently associated with total mortality
was heart rate adjusted diastolic delta.
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INTRODUCTION

Paravalvular aortic regurgitation is an impor-
tant complication after transcatheter aortic
valve replacement (TAVR). Moderate to severe
paravalvular aortic regurgitation has been
clearly associated with late mortality; however,
this can be a challenging diagnosis [1–3]. Vari-
ous invasive hemodynamics tests have been
developed to complement aortography and
echocardiography in the assessment of this
complication. In two cohorts of patients who
received the CoreValve device (n = 146) or the
CoreValve/Sapien device (n = 122), the inci-
dence of moderate to severe paravalvular aortic
regurgitation was C15% [4, 5]. The investigators
calculated the difference between the aortic
diastolic pressure and left ventricular end-dias-
tolic pressure (LVEDP) in relation to the aortic
systolic pressure (aortic regurgitation index).
They found a stepwise decrease in the aortic
regurgitation index as the severity of par-
avalvular aortic regurgitation worsened. Aortic
regurgitation index \25 was associated with
increased 1-year mortality. Other invasive tests,
such as the diastolic delta and the heart rate
adjusted diastolic delta, have reached similar
conclusions about impaired hemodynamics and
late mortality [6, 7].

With current generation devices, the inci-
dence of significant paravalvular aortic regurgi-
tation is quite low. In our own practice, we
observed that in some patients the aortic
regurgitation index can be low despite no evi-
dence of significant paravalvular aortic regurgi-
tation. Moreover, no study has compared these
different hemodynamic tests within the same
cohort of patients. Accordingly, a reappraisal of
the utility of these tests in predicting late mor-
tality and their comparison against each other is
warranted.

METHODS

This study was approved by the Institutional
Review Board at the University of Florida. This
article is based on previously conducted studies
and does not involve any new studies of human
or animal subjects performed by any of the

authors. All procedures were performed at the
Malcom Randall Veterans Hospital for symp-
tomatic severe aortic stenosis or mixed aortic
stenosis/aortic regurgitation. Patients with
either native or bioprosthetic aortic valve dis-
ease were included. Patients were evaluated in a
multidisciplinary fashion by a Cardiologist and
a Cardiothoracic Surgeon and considered
appropriate for TAVR if they were deemed at
least intermediate-risk (or high-risk/inoperable
earlier in the program) for open-heart surgery.
All patients had the following preoperative tests
performed: transthoracic echocardiography,
cardiac catheterization ± valve study, and
TAVR-protocol computed tomography. Select
intra-operative testing included trans-
esophageal echocardiography, aortography, and
valve study. The valve study was performed
with a dual lumen pigtail catheter with simul-
taneous left ventricular and aortic pressures
recorded before and approximately 5–10 min
after valve implant. Postoperative transthoracic
echocardiography was obtained on all patients.

Aortic regurgitation index was defined as
100 9 [(aortic diastolic blood pressure—
LVEDP)/systolic blood pressure] [4]. Diastolic
delta was defined as the aortic diastolic blood
pressure minus LVEDP [6]. Heart rate adjusted
diastolic delta was defined as 80 9 [(aortic dias-
tolic blood pressure—LVEDP)/heart rate] [7].
Pulse pressure was defined as aortic systolic
blood pressure minus aortic diastolic blood
pressure [8]. Echocardiographic quantification
of aortic regurgitation after TAVR was per-
formed according to the Valve Academic
Research Consortium (VARC-2) definitions [9],
and Sellers classification was used to grade aor-
tic regurgitation on aortic root angiogram
semi-quantitatively by visual assessment [10].

Patients were classified into stages of aortic
stenosis as per American College of Cardiology/
American Heart Association valvular guidelines
[11]. Stage D1 was defined as high-gradient
aortic stenosis (mean aortic gradient C40 mm
Hg). Stage D2 was defined as low-gradient
low-ejection fraction aortic stenosis [mean aor-
tic gradient \40 mm Hg and left ventricular
ejection fraction (LVEF) \50%]. Stage D3 was
defined as low-gradient normal-ejection frac-
tion aortic stenosis (mean aortic gradient
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\40 mm Hg and LVEF C 50%). The mean aortic
gradient was preferentially obtained from the
intraoperative valve study. If this was not per-
formed, the preoperative valve study was
recorded instead. If neither invasive study was
performed, the preoperative transthoracic
echocardiography derived value was obtained.
The stroke volume index (SVi) was preferen-
tially obtained from the preoperative invasive
valve study. Thermodilution derived cardiac
output was preferentially obtained; however,
fick derived cardiac output was used if that was
the only technique performed during right
heart catheterization. If a preoperative valve
study was not performed, the pre-operative
transthoracic echocardiography derived SVi
value was obtained instead.

Statistical Analysis

Among the entire cohort, Cox Regression anal-
ysis examined univariate hemodynamic pre-
dictors for total mortality with cutoffs based on
previous studies: aortic regurgitation index\25
[4, 5], diastolic delta \19 mm Hg [6], pulse
pressure[60 mm Hg [8], and heart rate adjusted
diastolic delta\25 mm Hg/beats per minute [7].
Other potential predictors included age, body
mass index, diabetes, prior coronary revascu-
larization, prior stroke/transient ischemic
attack, chronic obstructive pulmonary disease/
obstructive sleep apnea, pulmonary hyperten-
sion, atrial fibrillation, serum creatinine, LVEF,
aortic valve mean gradient, SVi, general anes-
thesia, transapical access, new left bundle block,
and paravalvular aortic regurgitation. Receiver
operator curve was used to determine the cut
point that provided the best discrimination for
continuous variables. Univariate predictors that
were conservatively significant (p\0.1) were
entered into a multivariate model with signifi-
cance set at p\0.05. Results are presented as
hazard ratios (HR) and 95% confidence interval
(CI) with p value\0.05 considered statistically
significant. Descriptive data are presented as
mean ± standard deviation, or median and
interquartile range if non-normal distribution.
Categorical variables are presented as frequen-
cies and percentages. Continuous variables were

compared with the Student t test and categori-
cal variables with the Chi square or Fisher exact
test if needed. All statistics were carried out with
SPSS software (Version 22, IBM Co., Armonk,
NY, USA).

RESULTS

Between September 2013 and November 2016,
155 transcatheter heart valve procedures were
performed. Three of these were transcatheter
mitral valve or mitral ring procedures and were
excluded from further analysis. Another patient
who had a Sapien XT implanted subsequently
developed severe late paravalvular aortic regur-
gitation, presumably due to late recoil [12]. This
was managed with a Sapien S3 valve-in-valve
procedure approximately 1 year later. As this
second procedure was not for treatment of
aortic stenosis, it was excluded from further
analysis.

The baseline characteristics of the study
cohort (n = 151) are presented in Table 1. Stage
D1 aortic stenosis was present in 52.3% of
patients; mean gradient = 50.3 ± 10.7 mm Hg,
LVEF = 53.7 ± 8.8%, and SVi = 37.1 ± 8.4 cc/
m2. Stage D2 aortic stenosis was present in
14.6% of patients; mean gradient =
28.8 ± 6.8 mm Hg, LVEF = 35.9 ± 8.8%, and
SVi = 28.7 ± 6.3 cc/m2. Stage D3 aortic stenosis
was present in 33.1% of patients; mean gradi-
ent = 31.3 ± 5.8 mm Hg, LVEF = 56.0 ± 3.8%,
and SVi = 37.8 ± 8.8 cc/m2.

Procedural characteristics are presented in
Table 2. Conscious sedation was used in 20%,
and the most frequently implanted valve was
the Sapien S3. Early outcomes are presented in
Table 2. Early deaths were infrequent (30-day
mortality = 2%). Only 2% of patients had
moderate or greater paravalvular aortic regur-
gitation as assessed by postoperative transtho-
racic echocardiography.

Overall mortality was 15.2% at a mean fol-
low-up of 12.7 ± 9.2 months. Aortic regurgita-
tion index \25 versus C25, diastolic delta
\19 mm Hg versus C19 mm Hg, and pulse
pressure [60 mm Hg versus B60 mm Hg were
not associated with total mortality. However,
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total mortality was 50% for heart rate adjusted
diastolic delta \25 mm Hg/beats per minute
versus 12.6% for heart rate adjusted diastolic
delta C25 mm Hg/beats per minute (p = 0.017).
In a multivariate Cox regression analysis, heart
rate adjusted diastolic delta \25 mm Hg/beats
per minute versus heart rate adjusted diastolic
delta C25 mm Hg/beats per minute was associ-
ated with late mortality (HR 9.4, 95% CI 2.0–44,
p = 0.004) (Table 3). Salient characteristics of
the patients with heart rate adjusted diastolic
delta \25 mm Hg/beats per minute are pre-
sented in Table 4.

Table 1 Baseline characteristics

Characteristic Total patients
(n5 151)

Age (years), mean (SD) 77.3 ± 8.8

Women [n (%)] 3 (2)

Body mass index (kg/m2), mean

(SD)

28.3 ± 5.7

History [n (%)]

Diabetes mellitus 72 (47.7)

Pulmonary hypertensiona 65 (43.0)

Pulmonary artery pressure (mm Hg),

mean (SD)

28.1 ± 10.5

Chronic obstructive pulmonary

disease

63 (41.7)

Peripheral vascular disease 62 (41.1)

Coronary artery bypass grafting 59 (39.1)

Atrial fibrillation 48 (31.8)

Percutaneous coronary intervention 40 (26.5)

Obstructive sleep apnea 27 (17.9)

Stroke/transient ischemic attack 24 (15.9)

Liver disease 10 (6.6)

Serum creatinine (mg/dL), mean

(SD)

1.2 ± 0.7

SD indicates standard deviation
a Defined as mean pulmonary artery pressure C25 mm Hg

Table 2 Procedural details and early outcomes

Procedural details Value

Conscious sedation [n (%)] 30 (19.9)

Valve-in-valve [n (%)] 14 (9.3)

Access

Transfemoral [n (%)] 119 (78.8)

Transapical [n (%)] 21 (13.9)

Left subclavian [n (%)] 9 (6.0)

Implant

Sapien [n (%)] 22 (14.6)

Sapien XT [n (%)] 50 (33.1)

Sapien S3 [n (%)] 66 (43.7)

CoreValve [n (%)] 9 (6.0)

Evolut R [n (%)] 4 (2.6)

Intra-op valve study

ARIpre, mean (SD) 28 ± 9.8

ARIpost, mean (SD) 31 ± 8.6

DD, mean (SD) 38 ± 9.8

Pulse pressure, mean (SD) 67 ± 18

HR-DD, mean (SD) 47 ± 14.3

Early outcomes Value

Length of stay, median (range) 3 (0–58)

Mean aortic gradienta (mm Hg), mean (SD) 8.4 ± 4.8

Paravalvular aortic regurgitation [n (%)]

CModerate 3 (2.0)

Mild 21 (13.9)

None/trace 125 (82.8)

New left bundle branch block [n (%)] 29 (19.2)

Permanent pacemaker [n (%)] 8 (5.3)

30-day mortality [n (%)] 3 (2.0)

ARI indicates aortic regurgitation index, DD diastolic
delta, HR-DD heart rate adjusted diastolic delta, SD
standard deviation
a Obtained from postoperative transthoracic
echocardiogram
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DISCUSSION

Among a cohort of TAVR patients with low
incidence of significant paravalvular aortic
regurgitation, we observed that a low heart rate
adjusted diastolic delta was independently
associated with increased total mortality com-
pared with a high heart rate adjusted diastolic
delta. Aortic regurgitation index, diastolic delta,
and pulse pressure were not associated with
increased total mortality. Thirty day (2%) and
1-year mortality (15.2%) was low in this cohort
of veterans from a single center experience.

As heart rate increases, diastole shortens
resulting in higher aortic diastolic pressure and
LVEDP. This may help to explain the superiority
of the heart rate adjusted diastolic delta as an
invasive hemodynamic test in capturing the
complex interplay of heart rate and blood
pressure. In the absence of significant aortic
regurgitation, a low heart rate adjusted diastolic
delta may reflect central aorta stiffness and/or
an increase in LVEDP from diastolic dysfunc-
tion. Increased pulse pressure is a marker for

central aorta stiffness. In an observational study
of 22,576 patients with hypertension and
coronary artery disease, increased pulse pressure
was independently associated with increased
all-cause mortality (nadir pulse pressure 60 mm
Hg) [8]. The reference standard for non-inva-
sively assessing central aorta stiffness is the
aortic pulse wave velocity [13]. Increased pulse
wave velocity has been independently associ-
ated with increased mortality among hyper-
tensive patients with normal pulse pressure
(mean pulse pressure 59 mm Hg) [14]. Pulse
wave velocity may be an important risk factor
among those without established atheroscle-
rotic disease, while the pulse pressure becomes
important later in the disease process [15].
Interestingly, TAVR may be superior to surgical
aortic valve replacement in preserving aortic
elasticity [16]. This could possibly be related to
TAVR not resulting in mediastinal scar forma-
tion or inflammatory changes within the aorta
[16]. At the present time, central aorta stiffness
has not been viewed as an important prognostic
factor among patients with valvular heart

Table 3 Univariate and multivariate predictors of total mortality

Characteristic Univariate Multivariate

HR-DD\25 HR 6.9 (1.6–30); p = 0.017

4/8 for HR-DD\25 versus 15/119 for HR-DD C 25

HR 9.4 (2.0–44); p = 0.004

SVi\24 HR 11.4 (2.5–52); p = 0.002

5/8 for SVi\24 versus 18/141 for SVi C 24

HR 16.1 (3.5–75); p\0.001

Moderate to severe AR HR 12.1 (1.1–139); p = 0.061

2/3 for Cmod AR versus 21/148 for\mod AR

HR 9.3 (0.99–91); p = 0.05

Severe pulmonary hypertension HR 13.6 (2.9–65); p = 0.002

5/8 for mPAP C 45 versus 11/101 for mPAP\45

HR 8.2 (1.9–36); p = 0.005

Transapical approach HR 2.6 (0.9–7.8); p = 0.096

6/21 for TA versus 17/130 for non-TA

General anesthesia HR 6.5 (0.8–50); p = 0.047

22/121 for GA versus 1/30 for CS

For each group, the numerator corresponds to deaths, while the denominator corresponds to number of patients with an
available characteristic
AR indicates aortic regurgitation, CS conscious sedation, GA general anesthesia, HR-DD heart rate adjusted diastolic delta,
mPAP mean pulmonary artery pressure, SVi stroke volume index, TA transapical
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disease. How this condition is best diagnosed
and treated are important future questions. For
example, these patients may require different
heart rate and/or blood pressure targets; how-
ever, these concepts would need to be prospec-
tively evaluated.

Early procedural complications are captured
with 30-day mortality, while the patient’s
overall medical condition and frailty are better
reflected in 1-year mortality [17, 18]. From the
Society of Thoracic Surgeons/American College
of Cardiology/Transcatheter Valve Therapies
registry (STS/ACC/TVT), procedural success was
documented at 92%, 30-day mortality,
4.6%–7.0%, and 1-year mortality, 21.6%–23.7%
[19–21]. Despite excellent acute procedural
success and low early mortality, late mortality
remains quite high nationally. Therefore,
ongoing attempts to understand and improve
long-term survival are important.

In addition to heart rate adjusted diastolic
delta, other independent predictors of total
mortality included severe pulmonary hyper-
tension (mean C 45 mm Hg), low SVi (\24 cc/
m2), and moderate or greater paravalvular aortic
regurgitation. The current incidence of signifi-
cant paravalvular aortic regurgitation is quite
low (\5%–6% incidence of moderate to severe
paravalvular aortic regurgitation with the
Sapien S3 and Evolut R devices) [21–23]. In

addition to device improvements, optimal valve
implantation by avoiding implants within sig-
nificant calcification in the left ventricular
outflow tract may also be a contributing factor.
As the incidence of significant paravalvular
aortic regurgitation continues to decline, other
patient characteristics will become more
important in predicting late mortality. In fact,
moderate to severe paravalvular aortic regurgi-
tation was marginally significant in this dataset,
which is likely a reflection of limited events for
this outcome.

Previous studies have documented low
echocardiography-derived SVi (\35 cc/m2) as a
significant independent predictor of late mor-
tality [24, 25]. By using receiver operator curve
analysis, we determined that\24 cc/m2 pro-
vided the best prediction of late mortality. This
variable carried the strongest hazard ratio for
late mortality among our four retained vari-
ables. Low flow predominately affects stage D2
aortic stenosis patients. In such patients, careful
determination of the stroke volume through
cardiac catheterization may be preferential to
echocardiography derived valves. In patients
with markedly reduced stroke volume, consid-
eration could be given to optimization of flow
before proceeding with TAVR. Examples could
include multi-vessel coronary revascularization,
restoration of sinus rhythm, cardiac

Table 4 Characteristics of patients with heart rate adjusted diastolic delta\25

Patient Age Implant HR-DD Immediate post-implant hemodynamics Paravalvular aortic regurgitation

Ao BP LV BP TEE TTE aortography

1 83 Sapien 18 120/48 120/26 1 2 NP

2 91 Sapien XT 19 115/40 118/26 0 0 0

3 82 Sapien XT 17 92/56 99/38 0 0 0

4 82 Sapien XT 22 104/40 108/25 NP 1 1

5 80 Sapien XT 24 128/45 128/26 2 1 2

6 88 Sapien XT 23 160/40 160/20 2 2 2

7 87 Sapien S3 20 130/40 130/15 1 1 1

8 78 Sapien S3 19 104/36 104/20 1 0 0

Ao BP indicates aortic blood pressure, HR-DD heart rate adjusted diastolic delta, LV BP left ventricular blood pressure, NP
not performed, TEE transesophageal echocardiography, TTE transthoracic echocardiograpy
For grading of aortic regurgitation, 0 = none, 1 = trace, 2 = mild, 3 = moderate, and 4 = severe
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resynchronization therapy, and control of sys-
temic and/or pulmonary hypertension. We
preferentially obtained the SVi from the
pre-operative valve study, which may help to
explain the different cut point from previous
studies. Resting pulmonary hypertension has
been reported in up to one third of patients
with symptomatic aortic stenosis; however, this
is usually mild in severity (23% with mild, 8.9%
with moderate, and 4.8% with severe pul-
monary hypertension) [26]. Severe pulmonary
hypertension has been associated with late
mortality after TAVR [27, 28]. However, some
data suggest a gender effect that places women
at disproportionate risk from pulmonary
hypertension [29]. Our analysis, in 98% men,
suggests that severe pulmonary hypertension
may be equally hazardous in men.

Limitations

Although this is a relatively small dataset, it
allows for more detailed variables that are not
available in the larger STS/ACC/TVT registry
[19]. For example, this allowed us to evaluate
the prognostic performance of SVi (predomi-
nately derived from catheterization) and heart
rate adjusted diastolic delta, which is difficult to
obtain on a large scale. SVi was considered from
multiple sources, although we preferentially
utilized values in the following order (derived
from thermodilution cardiac output[derived
from fick cardiac output[derived from
echocardiogram). This could have decreased the
precision of this measurement. Although low
heart rate adjusted diastolic delta was retained
in the multivariate Cox regression analysis, this
predictor was only present in eight patients.
Moreover, these hemodynamic indices were
obtained in patients who underwent general
anesthesia and conscious sedation, which could
have resulted in measurement variability. It is
possible that the prognostic significance of a
low heart rate adjusted diastolic delta was rela-
ted to unrecognized aortic regurgitation. How-
ever, from multiple imaging studies, there was
no sign of moderate to severe aortic

regurgitation in these patients. Cardiac mag-
netic resonance imaging might be helpful in
selecting patients to evaluate for occult aortic
regurgitation [30]. This study applies almost
exclusively to men; therefore, any conclusions
among women must be cautious.

CONCLUSION

Among a cohort of veterans with low incidence
of paravalvular aortic regurgitation, we docu-
mented four variables that predicted late mor-
tality: heart rate adjusted diastolic delta
\25 mm Hg/beats per minute, SVi\24 cc/m2,
mean pulmonary pressure C45 mm Hg, and
moderate to severe paravalvular aortic regurgi-
tation. Further research into the importance of
central circulation physiology is warranted.
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