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Stress Aortic Valve Index (SAVI) with Dobutamine for Low-Gradient Aortic Stenosis:
A Pilot Study
Jo M. Zelis, MDa, Pim A. L. Tonino, MD, PhDa, Daniel T. Johnson, MScb, Prakash Balan, MD, JDb, Guus R. G. Brueren, MD,
PhDa, Inge Wijnbergen, MD, PhDa, Richard L. Kirkeeide, PhDb, Nico H. J. Pijls, MD, PhDa,c, K. Lance Gould, MDb,
and Nils P. Johnson, MD, MS b

aDepartment of Cardiology, Catharina Hospital, Eindhoven, Netherlands; bWeatherhead PET Center, Division of Cardiology, Department of Medicine,
McGovern Medical School at UTHealth and Memorial Hermann Hospital, Houston, Texas, USA; cDepartment of Biomedical Engineering, Eindhoven
University of Technology, Eindhoven, Netherlands

ABSTRACT
Background: Potentially some patients have symptoms that arise from their low-gradient aortic valve stenosis (AS).
Comprehensive valve physiology with dobutamine stress remains incompletely characterized in this population.

Methods: A cohort of 18 subjects with low-gradient AS underwent graded dobutamine infusion with invasive assessment using
0.014” pressure wires. A subset of 4 subjects received thermodilution cardiac output assessment at each stage.

Results: Peak dobutamine hemodynamics could not be predicted from clinical or baseline parameters, reflecting statistically the
physiologic heterogeneity of the measured pressure loss versus flow curves. While 0 subjects had a baseline aortic/left ventricular
pressure ratio during ejection <0.71, 7 of 18 subjects (39%) achieved a ratio during peak dobutamine (the so-called stress aortic
valve index, SAVI) below this threshold derived from a prior study of patients undergoing routine transcatheter aortic valve
implantation (TAVI).

Conclusion: For low-gradient AS, the hemodynamic changes from resting to peak dobutamine conditions cannot be predicted in
advance due to pressure loss versus flow curve heterogeneity. A sizable minority of low-gradient AS reaches a severity during
dobutamine stress equivalent to patients undergoing TAVI for established benefit. Whether this subset receives similar clinical
advantage remains an unproven but natural hypothesis raised by our study.

ARTICLE HISTORY Received 25 April 2019; Revised 9 October 2019; Accepted 23 October 2019

KEYWORDS Aortic stenosis; dobutamine; transcatheter aortic valve implantation; Gorlin equation; aortic valve area

Introduction

As transcatheter aortic valve implantation (TAVI) expands down-
wards along the spectrum of patient risk,1 it becomes natural to
ask if it could be applied to patients without severe aortic stenosis
(AS). Some patients with low-gradient AS have symptoms of
exertional angina or dyspnea. Because a resting assessment may
not reflect valve hemodynamics during stress conditions, wemust
consider the possibility that – in some low-gradient AS patients –
symptoms arise from the valve.2 How best to identify this subset
remains uncertain. Current valve disease guidelines in Europe3 do
not recommend assessing aortic valve physiology with dobuta-
mine unless aortic valve area (AVA), indexed stroke volume, and
left ventricular (LV) ejection fraction (EF) fall below specific
thresholds. Similarly, American guidelines4 only recommend
dobutamine stress in the setting of symptoms and a reduced EF.

Recently we measured pressure loss versus flow curves in
patients with severe AS undergoing TAVI.5 Our study
demonstrated that severely stenotic aortic valves do not
behave like an orifice with constant AVA, as assumed by the

Gorlin equation,6 whereas TAVI devices act like a resistor
(fixed ratio of pressure loss to transvalvular flow). We devel-
oped and validated the stress aortic valve index (SAVI) as
a unitless measure of the relative maximum flow reduction
due to the stenotic valve, and thereby the potential for TAVI
to improve physiology. Practically, SAVI can be calculated
during peak stress conditions by dividing the aortic pressure
during ejection by the LV driving pressure.

However, our initial study focused only on severe AS,
a population already understood to benefit from TAVI and surgi-
cal valve replacement. Therefore, we undertook a hypothesis-
generating pilot study by examining pressure loss versus flow
curves and SAVI in patients with low-gradient AS but without
selecting by guideline criteria like AVA, EF, or stroke volume. In
this report, we use the term “low-gradient”AS tomean “not high-
gradient”AS since our hypothesis explores novel valvular physiol-
ogy beyond AVA. Potentially aortic valve response to dobutamine
stress might identify a subset of patients with AS with a worse
prognosis that might be improved in future studies using TAVI.

CONTACT Nils P. Johnson Nils.Johnson@uth.tmc.edu Weatherhead PET Center, McGovern Medical School at UTHealth, 6431 Fannin St., Room MSB 4.256,
Houston, TX 77030, USA.
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Materials and methods

BetweenDecember 2016 and September 2019, we recruited from
patients with low-gradient AS of a native valve undergoing
invasive cardiac catheterization and angiography for standard
clinical indications. Low-gradient AS severity had already been
identified by routine echocardiography within the preceding
3 months. Exclusion criteria removed: concomitant, severe dis-
ease of the mitral, pulmonic, or tricuspid valves; severe and
unrevascularized coronary artery disease; hypertrophic cardio-
myopathy with large, provoked gradient; significant ventricular
arrhythmias; and prior, severe reactions to dobutamine.

At one centre (Catharina Hospital, Eindhoven, Netherlands),
patients were prospectively enrolled in a clinical study approved
by the local medical ethics committee; these subjects gave written,
informed consent for the addition of right heart catheterization
and associated protocol measurements. At the other centre
(Memorial Hermann Hospital, Houston, Texas), subjects were
identified retrospectively from personal patients of the investiga-
tors in whom the severity of AS remained uncertain after non-
invasive evaluation and had undergone invasive dobutamine valve
assessment. The institutional review board waived informed con-
sent for the retrospective, anonymous analysis of these pressure
tracings previously recorded for clinical management.

Valvular stress physiology protocol

These sections closely follow our previously published phy-
siology protocol.5 Figure 1 provides a visual summary of the
catheterization setup and dobutamine infusion. In brief, the
stenotic aortic valve was crossed in standard retrograde fash-
ion to introduce a commercial, high-fidelity 0.014” pressure
wire (various manufacturers) into the LV before pulling the
catheter back into the high ascending aorta to minimize
residual pressure recovery. For the subjects recruited in
Eindhoven, a second 0.014” pressure wire was introduced
into the aorta via the guiding catheter. For the subjects stu-
died in Houston, the catheter itself provided the aortic pres-
sure tracing.

After ensuring stable pressure signals from the aorta and
LV, a step-wise dobutamine infusion began as per routine.
Potential dobutamine doses of 0 (baseline), 5, 10, 20, 30, and
40 µg/kg/min lasted approximately 3 to 5 minutes each,
although the exact duration and maximum dose were custo-
mized for each subject based on clinical circumstances. At the
end of the protocol, the LV pressure wire was withdrawn to
the level of the aortic catheter to check for agreement. Phasic
aortic and LV pressure signals were recorded continuously
and saved for off-line analysis.

Figure 1. Protocol set-up. To obtain phasic, high fidelity, and unbiased aortic valve gradients (ΔP), we placed a commercial 0.014” pressure wire in the left
ventricle (LV) in typical retrograde fashion then withdrew the catheter to the high ascending aorta to minimize pressure recovery. In a minority of
subjects (4 of 18), a second pressure wire was placed in the aorta (Ao); for the rest, the aortic catheter itself provided phasic pressures. We infused
dobutamine in standard, step-wise fashion. The same minority of subjects also underwent duplicate cardiac output measurements during each
dobutamine stage, but all subjects except 1 had pulmonary artery (PA) catheter assessment of baseline cardiac output via thermodilution. Custom
software provided automatic markup of beats to calculate average ejection pressures in the LV and Ao, average ΔP, beat duration, and the fraction of the
cardiac cycle spent ejecting.
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In Eindhoven, subjects received a 7F pulmonary artery
(Swan-Ganz) catheter placed for thermodilution assessment
of cardiac output. At baseline and during each dobutamine
phase, usually two roughly equally spaced measurements of
cardiac output were performed. In Houston, all subjects
except one underwent baseline right heart catheterization
with cardiac output quantification. Cardiac output measure-
ments before dobutamine infusion were averaged for the
baseline value.

Analysis of invasive physiology data

Phasic pressure tracings from the aorta and LV underwent
post-hoc analysis using custom software as previously
described5 and depicted visually in Figure 1. Crossing points
of the aortic and LV pressure were automatically identified
from valid beats, allowing a per-beat summary of the mean
ejection aortic and LV pressures as well as their difference
(ΔP) and unitless ratio (aorta/LV). Figure 2 contains a typical
example, showing both per-beat data and trendlines for all
relevant parameters.

For the Eindhoven cohort, we also created plots of mean
transvalvular pressure gradient (ΔP) as a function of trans-
valvular flow (Q). During a 15-second period starting with the
bolus of saline for thermodilution, the average ΔP and frac-
tion of the cardiac cycle spent in ejection were computed from
valid data. Thermodilution measurements of cardiac output
during the final stage of dobutamine were averaged for peak
conditions. Transvalvular flow (Q) represents the cardiac out-
put that passes through the aortic valve and was calculated by
dividing cardiac output by the duration of the systolic ejection
period relative to the cardiac cycle. For example, a cardiac
output of 5 L/min with a relative systolic ejection duration of
33% would produce 5/33% = 15 L/min (or 250 mL/s) of
transvalvular flow. Resting flow measurements (before dobu-
tamine infusion) were fit to both linear and quadratic models
(ΔP ∝ Qrest and ΔP ∝ Qrest

2 where Qrest equals the average,
resting transvalvular flow) as would imply a resistor (linear)

or orifice with fixed area (quadratic). Figure 2 also displays
the associated ΔP versus Q curve for this example.

Pressure-derived parameters did not depend on thermo-
dilution measurements. Instead, the ejection aortic/LV pres-
sure ratios were derived at baseline (before dobutamine
infusion) and peak dobutamine (when the ejection aortic/LV
ratio trend line reached its lowest value). A 15-second window
centred at these time points summarized average pressure-
derived parameters from valid beats weighted by their systolic
ejection durations. The aortic/LV pressure ratio during peak
dobutamine equaled the stress aortic valve index (SAVI).
Compared to ΔP, SAVI provides a superior pre-TAVI esti-
mate of the flow reduction due to the stenotic valve, removing
bias by accounting for heterogeneity of LV pressures among
patients.5 The supplement provides further analysis of ΔP
versus SAVI.

Statistical methods

Analyses were performed using R version 3.5.2 (R Foundation
for Statistical Computing, Vienna, Austria). We employed
standard statistical techniques, including summary statistics
using Fisher’s exact test given the modest sample size.
Applicable tests were two-tailed, and p < 0.05 was considered
statistically significant. We did not pre-specify a sample size
given the exploratory and descriptive nature of our study.

Graphical trendlines as in Figure 2 used locally weighted
scatterplot smoothing (loess) with second degree polynomials
and a smoothing parameter selected by generalized cross-
validation. For linear and quadratic regressions to data, we
quantified model fit using the root mean square of the differ-
ences between the data and regression model. Regressions
lacked a constant term (for example y = a*x and not
y = a*x + b) since no systolic gradient will exist across the
aortic valve without flow (ΔP = 0 when Q = 0), and coeffi-
cients have to be positive for physiologic reasons.

To explore for predictors of the change in aortic/LV pressure
ratio between baseline and peak dobutamine conditions, we

Figure 2. Example hemodynamic data and analysis. In the left panel, each small dot depicts the average ejection value from a single cardiac cycle, see Figure 1, with
its trend line superimposed. In a minority of subjects (4 of 18) like this one, two thermodilution cardiac output measurements (orange dots lasting 15 seconds) took
place during every dobutamine dose. In the right panel, each cardiac output and corresponding ΔP measurement has been translated into a single point, creating
a pressure loss versus flow curve. This example does not neatly follow either resistor (linear) or orifice (quadratic) curves based on resting conditions, but rather
appears like a mixture of the two.
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studied all clinical and baseline hemodynamic variables using
a linear model. Body surface area used the Mosteller formula
(square root of weight in kilograms times height in centimetres
divided by 3600) to derive the stroke volume index from baseline
thermodilution cardiac output. AVA in cm2 was computed using
the Gorlin formula: cardiac output (in mL/min) divided by the
relative systolic ejection period (in sec/min) divided by the square
root of ΔP (in mmHg) and divided by the constant 44.3 as usual.

Results

We prospectively enrolled 4 subjects from Eindhoven, assessed
using two high-fidelity pressure wires, and retrospectively identi-
fied 14 subjects fromHouston, assessed with a single pressure wire
in the LV and a guiding catheter in the aorta, for a combined size
of 18. No adverse events occurred during or immediately after the
protocol. Table 1 summarizes the cohort clinically, although the
modest sample size precludes strong conclusions regarding differ-
ences between low versus intact SAVI subgroups. The supplement
provides plots like Figure 2 for all subjects. Table 2 lists hemody-
namic and physiologic parameters.

A majority of the cohort (72%) reported heart failure as the
major symptom; over half had an EF≥60% and only 33% of
subjects had reduced EF<50%. At baseline the mean trans-
valvular gradient equaled 25mmHg with an AVA of 1.24cm2.

Applying criteria for dobutamine evaluation,3,4 only 1 subject
had simultaneous baseline ΔP 17mmHg, AVA 1.0cm2, stroke
volume index 27 mL/m2, and EF of 30% (so-called “low-flow,
low-gradient”). Therefore, nearly the entire cohort would not
warrant dobutamine assessment by existing guidelines.

Pressure loss versus flow curves

Figure 3 displays the pressure loss versus flow relations for the 4
subjects studied in Eindhoven. Compared against resistor (linear)
and orifice (quadratic) predictions from baseline conditions, the
observations suggest heterogeneity despite the limited sample size:
sublinear response (consistent with favorable dynamic physiologic
changes with dobutamine stress), linear response (implying
a constant valve resistance), mixed response (elements of both
resistor and orifice), and orifice or worse (most consistent with
a fixed valve area). A resistor (linear) model produced a better fit
of the data than an orifice (quadratic) model for every case.

Heterogeneity of stress response

Figure 4 compares the aortic/LV ratio at baseline to SAVI (the
aortic/LV ratio during peak stress). Some subjects displayed
a small difference between the two values, whereas other sub-
jects experienced large differences between the two physiologic

Table 1. Baseline characteristics.

Characteristic Summary SAVI<0.71 SAVI≥0.71 p-value

Number 18 7 11 N/A

Age (years) 76 ± 7 78 ± 10 73 ± 6 0.26

Male 15 (83%) 6 (86%) 9 (82%) 1.00

Risk factors

Hypertension 16 (89%) 7 (100%) 9 (82%) 0.50

Dyslipidemia 15 (83%) 5 (71%) 10 (91%) 0.53

Diabetes mellitus 5 (28%) 1 (14%) 4 (36%) 0.60

Active smoking 1 (6%) 0 (0%) 1 (9%) 1.00

Major cardiac history

Prior myocardial infarction 5 (28%) 0 (0%) 5 (45%) 0.10

Prior PCI 8 (44%) 0 (0%) 8 (73%) 0.004

Prior CABG 4 (22%) 0 (0%) 4 (36%) 0.12

Cardiovascular and pulmonary disease

Cerebral vascular disease 1 (6%) 1 (14%) 0 (0%) 0.39

Peripheral vascular disease 2 (11%) 0 (0%) 2 (18%) 0.50

COPD 3 (17%) 1 (14%) 2 (18%) 1.00

Atrial fibrillation 2 (11%) 1 (14%) 1 (9%) 1.00

Permanent pacemaker 2 (11%) 1 (14%) 1 (9%) 1.00

Ejection fraction

≥60% 10 (56%) 4 (57%) 6 (55%) 0.15

50–59% 2 (11%) 2 (29%) 0 (0%)

30–49% 6 (33%) 1 (14%) 5 (45%)

Dominant symptom

NYHA heart failure 0.046

class I 3 (17%) 3 (43%) 0 (0%)

class II 4 (22%) 1 (14%) 3 (27%)

class III 6 (33%) 2 (29%) 4 (36%)

CCS angina class III 4 (22%) 0 (0%) 4 (36%)

Syncope 1 (6%) 1 (14%) 0 (0%)

Notes. CABG = coronary artery bypass grafting; CCS = Canadian Cardiovascular Society; COPD = chronic obstructive pulmonary disease; N/A = not applicable;
NYHA = New York Heart Association; PCI = percutaneous coronary intervention. Summary values represent number (%) or mean ± standard deviation.
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conditions. As detailed in Table 3, no baseline variable was
a significant univariate predictor of the change in average aor-
tic/LV pressure ratio between baseline and peak dobutamine
conditions. Therefore, peak dobutamine hemodynamics cannot
be predicted from clinical or baseline parameters, reflecting
statistically the physiologic heterogeneity observed in Figure 3.

Comparison to TAVI cohort

Figure 5 compares the SAVI values in the current low-gradient
AS cohort with our previously published cohort from patients
with severe AS undergoing TAVI.5 That prior work had

identified a threshold of <0.71 to separate pre- versus post-
TAVI measurements of SAVI. While 0 subjects had a baseline
aortic/LV ratio <0.71, 7 of 18 subjects (39%) achieved
a SAVI<0.71 during dobutamine infusion. Of these 7 subjects,
only 1 had an EF<50%.

Discussion

For patients with low-gradient AS undergoing dobutamine
stress, our pilot study supports the following hypotheses. First,
the hemodynamic change from resting to peak dobutamine

Table 2. Hemodynamics.

Baseline Peak dobutamine Δ and 95%CI

Transvalvular systolic gradient (mmHg)* 25 (17–32) 34 (25–47) 12 (6 to 18)

Aortic/LV ratio during systole (SAVI)* 0.81 (0.74–0.86) 0.76 (0.68–0.81) −0.07 (−0.10 to −0.03)

Heart rate (bpm)* 75 ± 15 103 ± 22 28 (18 to 38)

LV systolic pressure (mmHg)† 133 ± 17 144 ± 29 11 (−1 to 22)

Aortic systolic pressure (mmHg) 107 ± 14 107 ± 26 −1 (−12 to 11)

Systolic portion of cardiac cycle (%) 34 ± 4 35 ± 6 1 (−2 to 5)

Aortic valve area (cm2) 1.24 (1.07–1.48)‡ 1.67 (1.51–1.76)§ 0.07 (−0.37 to 0.50)§

Cardiac output (L/min) 5.4 ± 1.0‡ 7.6 ± 0.6§ 1.4 (−0.1 to 2.9)§

Transvalvular systolic flow (mL/sec) 268 (240–291)‡ 380 (354–424)§ 58 (−22 to 139)§

Stroke volume index (mL/m2) 37 ± 11‡ 46 ± 12§ 1 (−12 to 15)§

Notes. * = paired t-test p ≤ 0.001 for baseline versus peak dobutamine.
† = paired t-test p = 0.060 for baseline versus peak dobutamine.
‡ = available for 17 of 18 subjects.
§ = only available for 4 of 18 subjects.
CI = confidence interval; LV = left ventricular; SAVI = stress aortic valve index. Summary values represent mean ± standard deviation, or median (interquartile range,
IQR). Mean difference (Δ) and 95%CI for paired comparison.

Figure 3. Pressure loss versus flow curves. The data for all 4 subjects who underwent cardiac output assessment during every dobutamine dose, see Figure 2, suggest
different shapes: sublinear response (consistent with favorable dynamic physiologic changes with dobutamine stress), linear response (implying a constant valve
resistance), mixed response (elements of both resistor and orifice), and orifice or worse (most consistent with a fixed valve area). Resistor (linear) models produced
lower root mean square (RMS) error than orifice (quadratic) models.
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conditions (Figure 4) cannot be predicted in advance (Table 3).
This heterogeneity of response arises due to differently shaped
pressure loss versus flow curves (Figure 3), mirroring the variety
seen for severe AS in our prior work.5 As a result, a sizable
minority of low-gradient AS reaches a severity during dobuta-
mine stress equivalent to patients undergoing TAVI for estab-
lished benefit (Figure 5). Whether this subset receives similar
clinical advantage remains an unproven but natural hypothesis
raised by our study.

Notably, our cohort almost exclusively included patients
who do not meet current European3 or American4 valve guide-
line criteria for a dobutamine challenge. Nevertheless, approxi-
mately 40% developed a large, provoked gradient that would
have been missed by using baseline criteria for selection, given
the unpredictable physiologic response to stress. The upper
limit of dobutamine response remains unclear. While no native
valve in this cohort with an aortic/LV ratio >0.85 at baseline
developed a dobutamine SAVI<0.71 (Figure 5), a TAVI device
in our prior study5 with a baseline ratio of 0.87 dropped to
a SAVI of 0.57 after dobutamine.

The mechanism underlying our observation of heteroge-
neous pressure loss versus flow relations warrants further
study. Previously we proposed changing stenosis geometry
as a unifying explanation.5 Benchtop studies using three-
dimensional printed models of the stenotic aortic valve7

might permit better characterization. Alternatively, these
semi-rigid models might not adequately capture the effects
of changes in heart position and outflow tract geometry
(although we did not observe any dramatic intra-cavity or
subaortic obstruction in our cohort during dobutamine
infusion) that can alter the location of exiting stroke
volume on stenotic but variably pliable valve leaflets.
Cardiac magnetic resonance imaging with flow velocity

characterization8 during dobutamine stress could prove an
alternative tool.

Our threshold of dobutamine SAVI<0.71 arose from prior
work5 comparing values before and after TAVI in patients
being treated on the basis of existing outcomes trials that
showed benefit.9 Potentially this threshold could be revised
upward, since it depends both on the TAVI procedure
(improved implantation techniques and better devices imply
a more lenient treatment cutoff) and on the clinical endpoint
(landmark TAVI trials focused on all-cause mortality,9

whereas symptomatic benefit likely needs less stringent treat-
ment criteria). A cross-sectional study linking SAVI as

Figure 4. Heterogeneity of stress responses. At baseline, all subjects had an
aortic/left ventricular (LV) ratio during ejection greater than 0.7, consistent with
their selection for low-gradient AS. During peak dobutamine stress, the aortic/LV
ratio during ejection (so-called stress aortic valve index, SAVI) fell in hetero-
geneous fashion. Some valves showed little change (gray area within 0.03 of
equality) while others showed large changes.

Table 3. Predicting change in aorta/LV ratio from baseline to peak dobutamine.

Variable
Univariate

linear model

Male 0.036 (0.044)
p = 0.417

Age −0.001 (0.002)
p = 0.776

Hypertension 0.073 (0.050)
p = 0.163

Dyslipidemia 0.048 (0.043)
p = 0.285

Diabetes mellitus −0.022 (0.037)
p = 0.563

Active smoking 0.060 (0.071)
p = 0.414

Prior myocardial infarction −0.048 (0.035)
p = 0.193

Prior PCI −0.057 (0.030)
p = 0.079

Prior CABG −0.014 (0.040)
p = 0.723

Peripheral vascular disease 0.019 (0.053)
p = 0.724

COPD −0.023 (0.044)
p = 0.607

Atrial fibrillation −0.042 (0.052)
p = 0.426

Permanent pacemaker 0.043 (0.052)
p = 0.424

Baseline ΔP 0.001 (0.002)
p = 0.568

Baseline transvalvular flow <0.001 (<0.001)
p = 0.907

Baseline Ao/LV −0.097 (0.262)
p = 0.715

Baseline aortic valve area (AVA) −0.018 (0.052)
p = 0.735

Baseline cardiac output −0.005 (0.018)
p = 0.786

Baseline heart rate −0.001 (0.001)
p = 0.428

Baseline stroke volume index 0.001 (0.002)
p = 0.572

Baseline LV pressure 0.001 (0.001)
p = 0.506

Baseline aortic pressure 0.001 (0.001)
p = 0.684

Baseline systolic ejection period −0.266 (0.382)
p = 0.497

Notes. CABG = coronary artery bypass grafting; COPD = chronic obstructive
pulmonary disease; PCI = percutaneous coronary intervention. Table entries
represent the coefficient from the linear model (standard error) and associated
p-value.
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a continuous value to symptom burden would provide valu-
able insights. Ultimately, however, a randomized trial would
be necessary to prove that SAVI-guided TAVI provides clin-
ical benefit outside of severe, high-gradient AS at rest that
forms the current evidence base.

The term “severe AS” has largely come to imply a reduced
aortic valve area (AVA). However, stenotic aortic valvesmostly do
not behave like an orifice with fixed area.5 Therefore, a distinction
between “moderate” and “low-gradient”AS that depends solely on
AVA has a less valid hemodynamic basis. Notably, foundational
randomized trials demonstrating the value of TAVI9 generally
demanded a mean valve gradient (ΔP) of at least 40 mmHg,
although recent observational data suggests good outcomes in
selected patients with low-flow, low-gradient AS.10 If confirmed
in further prospective trials, SAVI may offer a physiologic distinc-
tion between “moderate stenosis” and “low-gradient” stenosis not
always clear from AVA, thereby potentially resolving unclear use
of the terms.

Comparison to existing literature

Studying aortic stenosis physiology under stress conditions dates
at least to 1958 for exercise11 and to 1986 for dobutamine.12

Therefore, our results join a long line of work on the hemody-
namic responses of aortic stenosis to provocation. While our
current findings are unique because we only recently proposed
SAVI,5 two themes from the existing literature support our
conclusions. First, heterogeneity in stress responses was noted
in a cohort of 50 asymptomatic subjects undergoing dobutamine
echocardiography for moderate or severe AS.13 Second, only
a subset of low-gradient AS in a cohort of 23 subjects showed
a response to dobutamine suitable for surgical valve
intervention.14 Our observations of heterogenous stress
responses (Figure 4 and Table 3) and a subset potentially suitable
for TAVI (Figure 5) broadly agree with these prior publications.

The optimal method to select low-gradient AS patients for
valve intervention remains unresolved, as does the benefit of
TAVI in such scenarios. Although much of current practice
focuses on AVA and metrics of resting LV performance, several
caveats exist. First, most severely stenotic aortic valves do not
behave like an orifice with fixed area,5 questioning an over-
reliance on AVA for physiologic quantification. Second, valve
gradients for mitral stenosis better predicted benefit from val-
vuloplasty than valve area,15 raising the hypothesis that similar
findings might hold for AS. Third, resting LV metrics like
cardiac output and stroke volume do not change after TAVI
for inoperable, severe AS,16 as could be expected for stable
patients not in cardiogenic shock, indicating that so-called
“low flow” was not low and also not modified by treating the
stenotic valve. Fourth, given the universal flow-dependence of
valve metrics like AVA, ΔP, and the aortic/LV pressure ratio,
a choice exists among baseline flow (much of current practice
and guidelines), extrapolation to a standardized flow (for exam-
ple, prior work has suggested 250 cc/sec14), and peak flow (as
for SAVI). Notably, symptoms occur at higher flow levels, not
at baseline, but with flow heterogeneity among subjects as
demonstrated by our prior5 and current investigations.
Together, these findings support future studies of SAVI in low-
gradient AS outside of the narrow scenarios currently recom-
mended by valve guidelines.3,4

Already clinical trials have begun to treat low-gradient AS
populations with TAVI. For example, the TAVR-UNLOAD
study2 is enrolling patients with a mean transvalvular gradient
between 20-39mmHg plus AVA > 1.0 cm2 at rest or during low-
dose dobutamine stress. Subjects must have an EF of 20–49% and
New York Heart Association class 2 or greater symptoms. The
primary endpoint after 1 year includes a composite of death,
stroke, heart failure hospitalization, and quality of life survey.
Our results suggest that only the subset with lower SAVI will
derive significant benefit and that the reduced EF entry criterion
will prove unnecessarily restrictive.

Limitations

Although our sample size of 18 low-gradient subjects remains
modest, it was large enough to identify a subset whose stress
physiology mimicked classic, severe AS. The cohort exceeds
the size of our prior work introducing SAVI5; notably, the
foundational Gorlin AVA manuscript from almost 70 years
ago did not recruit any subjects with aortic stenosis.6 Further
application of SAVI to larger, prospective cohorts represents
the next logical step in its development now that the

Figure 5. Comparison of low-gradient versus severe aortic stenosis (AS). Aortic/
left ventricular (LV) ratios during ejection (so-called stress aortic valve index,
SAVI) from Figure 4 are colored purple in this low-gradient AS cohort. Data from
our previous publication in severe AS5 before (blue) and after (red) transcatheter
aortic valve implantation (TAVI) suggested an optimal threshold of 0.71 (dashed
gray line). In our cohort, 7 of 18 subjects (39%) achieved a SAVI<0.71, indicating
a severity during dobutamine stress equivalent to patients undergoing TAVI for
established benefit. Whether this subset receives similar clinical advantage
remains an unproven but natural hypothesis raised by our study.
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measurement protocol has proven safe and feasible. The cur-
rent cohort introduced methodologic heterogeneity by includ-
ing both prospective and retrospective enrollment.
Additionally, the sample size could produce false negative
results in Table 3 due to its being potentially underpowered.

We did not systematically collect clinical outcomes data
because our physiologic hypothesis focused on the hemody-
namic search for low-gradient AS at rest but abnormal SAVI
during dobutamine. Now that such a subset has been demon-
strated, future studies must understand symptoms and the
potential of TAVI to improve outcomes.

Our use of dobutamine stress reflects pragmatism and guide-
line recommendations. While exercise has been performed in
the catheterization laboratory when evaluating patients with
aortic stenosis,17 the required equipment and logistics remain
barriers to wide-spread adoption. In contrast, dobutamine infu-
sions are universally available and recommended by interna-
tional guidelines for valvular assessment.3,4 While a study of 36
healthy, young volunteers18 showed statistically significant
paired differences between supine cycle ergometry and dobuta-
mine stress for peak cardiac output (16.0 versus 12.5 L/min,
p < 0.0001) and heart rate (175 versus 163 beats per minute,
p < 0.0001), the clinical relevance for older patients with valvular
disease remains uncertain. For example, a study of 10 patients
with mechanical aortic valves demonstrated no significant dif-
ferences between dobutamine stress and treadmill exercise for
cardiac output, heart rate, or mean transvalvular gradient.19

In order to obtain the most precise assessments of pressure
hemodynamics without creating an iatrogenic gradient, we
employed commercial 0.014” pressure wires in our mechan-
istic, physiologic protocol. Future work could extend our
prior result5 demonstrating a reasonable correlation between
invasive SAVI and echocardiographic SAVI (Pearson r = 0.73)
or examine the ability of cardiac magnetic resonance imaging
with flow velocity characterization8 to provide comparable
SAVI values. Additionally, unlike the heterogeneity in this
cohort regarding upstream echocardiography, its timing rela-
tive to SAVI assessment should be standardized in future,
prospective studies, as was done in our previous protocol.5

Conclusion

In low-gradient AS, hemodynamic changes from resting to
peak dobutamine conditions cannot be predicted in advance
due to heterogeneity of the underlying pressure loss versus
flow curves. Approximately 40% of low-gradient AS reaches
a severity during dobutamine stress equivalent to patients
undergoing TAVI for established benefit, even without select-
ing for reduced metrics of LV performance like resting EF or
stroke volume. Whether this subset with an abnormal stress
aortic valve index (SAVI) receives similar clinical advantage
from TAVI remains an unproven but logical hypothesis that
warrants further study.
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