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Background: While there is evidence that patients with low-flow, low-gradient
aortic stenosis (AS) benefit from transcatheter aortic valve replacement (TAVR),
data are lacking regarding outcomes of patients with a very low gradient (VLG).
Methods: In this retrospective, single-center study of patients with severe AS who
underwent TAVR, three groups were defined using baseline mean aortic valve
gradient: VLG (<25 mmHg), low gradient (LG, 26-39 mmHg), and high gradient
(HG, >40 mmHg). The primary outcome was the composite of Kansas City
Cardiomyopathy Questionnaire (KCCQ)-12 of <45, decrease in KCCQ-12 of >10
compared with baseline, or death at 1 year.

Results: One-thousand six patients were included: 571 HG, 353 LG, and 82 VLG.
The median age was 82.1 years [interquartile range (IQR) 76.3-86.9]; VLG
patients had more baseline comorbidities compared with the other groups. The
primary outcome was highest at 1 year in the VLG group (VLG, 46.7%; LG,
29.9%; HG, 23.1%; p=0.002), with no difference between groups after
adjustment for baseline characteristics. At baseline, <30% of VLG patients had an
excellent or good (50-100) KCCQ-12, whereas more than 75% and 50% had an
excellent or good KCCQ-12 at 30-day and 1-year follow-up, respectively.
Conclusion: Although patients with VLG undergoing TAVR have a higher rate of
poor outcomes at 1 year compared with patients with LG and HG severe AS, this
difference is largely attributable to baseline comorbidities. Patients with severe
AS undergoing TAVR have significant improvement in health status outcomes
regardless of resting mean gradient.

KEYWORDS

low-gradient aortic stenosis, transcatheter aorta valve replacement, patient outcomes,
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Introduction

Aortic stenosis (AS) is a common valvular heart disease in the developed world, and
medically managed patients with symptomatic severe AS have up to 50% mortality at
2 years (1). Severe AS has historically been defined by a peak aortic transvalvular velocity
of >4 m/s or a mean gradient of >40 mmHg, with an estimated aortic valve (AV) area of

Abbreviations

AS, aortic stenosis; AV, aortic valve; LFLG, low-flow, low-gradient; TAVR, transcatheter aortic valve replacement;
VLG, very low gradient; LG, low gradient; HG, high gradient; TTE, transthoracic echocardiogram; STS, Society of
Thoracic Surgeons; KCCQ, Kansas City Cardiomyopathy Questionnaire; NYHA, New York Heart Association.
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<1.0 cm®. However, it has become clear that while these
parameters define “classical” high-gradient severe AS, it is
possible to have severe AS not meeting these traditional
parameters. Because transvalvular velocity and gradient are
determined by both AV area and transvalvular flow, severe AS
may be present despite a peak velocity of <4.0 m/s and a mean
gradient of <40 mmHg if transvalvular flow is reduced. This
entity, known as “low-flow, low-gradient” severe AS, can exist in
patients with both preserved and reduced left ventricular ejection
fraction (LVEF, known as “paradoxical” and “classical” low-flow,
low-gradient AS, respectively) and is defined as an AV area of
<1.0 cm® with a peak velocity of <4.0 m/s, a mean gradient of
<40 mmHg, and a stroke volume index of <35 ml/m? (2-5).
Patients in all of these groups with true severe AS benefit from
aortic valve replacement (AVR), but outcomes after AVR are
strongly dependent on the resting mean gradient prior to AVR
(4). However, studies of “low-flow, low-gradient” severe AS have
mainly included patients with a mean gradient of >25 mmHg.
Thus, patients with severe AS and a mean gradient of
<25 mmHg is not a well-studied population with very limited
data characterizing the phenotype and outcomes. This group may
represent a distinct population of very low-gradient severe AS
patients at even higher risk of adverse outcomes, possibly due to
more advanced disease, worse left ventricular systolic and/or
diastolic function, a systemic low-flow state, or a longer
preceding duration of physical debilitation, and therefore may
not benefit from AVR. Therefore, in this report, we aim to
describe these “very low-gradient” severe AS patients who
underwent TAVR and compare their outcomes to patients with
high-gradient (>40 mmHg) and low-gradient (26-39 mmHg)
severe AS undergoing TAVR.

Methods
Study design

We performed a retrospective analysis of all commercial TAVR
procedures performed at our institution from 1 January 2011 to 31
December 2020. Data were abstracted from patient charts by a
trained data abstractor as part of the programmatic requirement
for participation in the Society of Thoracic Surgeons/American
College of Cardiology Transcatheter Valve Therapy (STS/ACC
TVT) Registry, and this was supplemented by a chart review by
two study authors (FR and WM). We included all patients
undergoing commercial TAVR (i.e, not as part of a research
study) primarily for severe AS and excluded patients with aortic
insufficiency, mixed valve disease (AS with at least 3+ aortic
regurgitation), or a failed bioprosthetic AV. The study protocol
was approved by the Johns Hopkins Medicine Institutional
Review Board with a waiver of informed consent.

The diagnosis of severe AS utilized contemporaneous ACC/
AHA guidelines at the time of evaluation and included a review of
all pertinent and available clinical information. In particular, the
diagnosis of low-flow, low-gradient AS was made by integrating
the results of diagnostic testing (potentially including dobutamine
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stress echocardiography and/or AV calcium scoring by computed
tomography) with the exclusion of alternative causes of the
patient’s symptoms. Both the diagnosis of severe AS and the
decision to perform TAVR were made by our institution’s
multidisciplinary Heart Team, which consisted of at least three
interventional cardiologists trained in structural heart disease and
two cardiac surgeons. Therefore, patients without severe AS or not
thought to be likely to benefit from TAVR by Heart Team
evaluation were excluded. Patients were separated into three
groups according to the resting aortic mean transvalvular gradient
derived from transthoracic echocardiography (TTE): (1) very low
gradient (VLG, <25 mmHg), (2) low gradient (LG, 26-39 mmHg),
and (3) high gradient (HG, >40 mmHg).

Study procedures

Patients were clinically evaluated at baseline, 1 month, and 1
year post-TAVR with a clinic visit, TTE, and health status
assessment utilizing the 12-question self-administered Kansas
City Cardiomyopathy Questionnaire (KCCQ-12) (6) and the
New York Heart Association (NYHA) functional classification.
Other follow-up was obtained through medical record review,
phone call, or electronic notification of patient admissions or
discharges. All patients had baseline recording of demographic
data, procedural details, and comorbidities collected by review of
the medical record including notes generated during pre-TAVR
evaluation. Estimated glomerular filtration rate was calculated by
the Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation (7). Echocardiography was clinically indicated, and
data were abstracted from the clinical reports. LVEF of >50% on
TTE was defined as normal. Baseline covariates are defined in
the STS/ACC TVT Registry for TAVR, version 2.0 (8).

Outcomes and hemodynamics

The primary outcome was the composite of all-cause death,
KCCQ-12 of <45, or a decrease in KCCQ-12 of >10 at 1 year
compared with baseline. This combined outcome was previously
evaluated in patients with TAVR (2). Because it combines both
mortality and quality of life measures into a single composite
endpoint, it serves as an important measure to assess the benefit
of TAVR. Secondary outcomes included the 30-day primary
outcome, 30-day and 1-year KCCQ-12, change in KCCQ-12 of
>5 compared with baseline, mean AV gradient, LVEF, all-cause
death, the composite of death or readmission, and NYHA
functional classification. Time windows for 30-day and I-year
follow-up were defined by the STS/ACC TVT Registry (25-75
days post-TAVR for 30-day follow-up and 305-425 days post-
TAVR for 1 year) (8).

We also performed a secondary hypothesis-generating analysis
evaluating invasive hemodynamics among patients with VLG AS.
Twenty-nine of the 82 patients in the VLG group underwent
clinically indicated right and left heart catheterization for
invasive measurement of mean gradient, measurement/estimation
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of cardiac output by thermodilution, and AV area estimation by the
Gorlin equation (9).

Statistical analysis

We used standard descriptive characteristics to characterize
each group. Baseline demographics, comorbidities, procedural
characteristics, and outcomes were compared using Chi-square
tests for categorical variables and the Kruskal-Wallis test for
continuous variables. Analyses of 30-day and 1-year readmissions
and mortality utilized time to event analyses by Kaplan-Meier
estimation and the log-rank test for comparisons. Multivariable
logistic regression was used to determine the effect of gradient
group on dichotomous outcomes after adjustment for differences
in baseline covariates; covariates were selected for their a priori
relevance (age, sex, race, LVEF) and for their association with the
outcomes on univariable analyses (body surface area, estimated
GFR, baseline KCCQ-12 score, history of atrial fibrillation or
flutter, chronic lung disease, home oxygen use, dialysis, at least
moderate mitral regurgitation at baseline, at least moderate
tricuspid regurgitation at baseline, pre-TAVR STS mortality risk,
TAVR access site, TAVR anesthesia type, TAVR procedure
during TAVR). Cox
proportional hazard models with the same covariates were used to

success, and cardiopulmonary bypass
determine the association of gradient group with time-to-event
outcomes. Statistical analyses were performed using Stata version
15.1 (StataCorp, College Station, TX, USA). For missing data, we
performed multiple imputation by chained equations with 10
imputations to reduce the bias of estimates of outcomes. We used
the “mi estimate” command in Stata which combines the multiple

10.3389/fcvm.2023.1194360

imputed data sets and adjusts coefficients and standard errors for
the variability between imputations based on the rules by Rubin
(10). Statistical significance was defined as a two-sided o= 0.05.

Results
Baseline characteristics

Of the 1,124 patients undergoing commercial TAVR at our
institution during period of analysis, 116 (10.3%) were excluded
because the indication for TAVR was not primary AS, and 2
(0.2%) were excluded for a missing baseline mean AV gradient. Of
the 1,006 remaining cases, 571 (57%) had HG, 353 (35%) had LG,
and 82 (8%) had VLG severe AS (Figure 1). At 1-year follow-up,
615 patients (61%) either had a KCCQ-12 recorded or had died,
with no significant difference between groups (p =0.43). Baseline
demographics and characteristics are summarized in Table 1.
Compared with LG and HG groups, patients in the VLG group
were less frequently female and had a higher prevalence of
comorbidities including atrial fibrillation/flutter, moderate to
severe mitral and/or tricuspid regurgitation, home oxygen
dependence, and LVEF of <50%. Despite the higher rate of home
oxygen therapy, patients with VLG had a lower rate of chronic
lung disease compared with HG and LG patients. At baseline,
patients in the VLG group also more frequently had NYHA class
I-IV symptoms and a lower median KCCQ-12 score. The
indexed AV area was slightly higher in VLG patients [median
0.41 cm*/m?, interquartile range (IQR) 0.36-0.48 cm?/m?] than in
LG (039 cm’/m’ IQR 0.33-0.46 cm*/m*) and HG (0.36 cm®/m’,
IQR 0.30-0.42 cm*/m% p < 0.001) patients.

| 1124 Patients Undergoing TAVR |

118 Patients excluded
116 — indication not primary AS

‘ 1006 Patients at Baseli

| 2 — missing baseline mean gradient

Mean AV Gradient
<25 mmHg

82 Patients

| 11 missing KCCQ-12
71 Patients

37 missing KCCQ-12
45 Patients

Baseline
1006 Patients

30 Days
895 Patients
Died or have KCCQ-12 on follow-up

1 Year
615 Patients
Died or have KCCQ-12 on follow-up

FIGURE 1

with missing KCCQ-12 at 30-day and 1-year follow-up is shown.

Mean AV Gradient
240 mmHg

Mean AV Gradient
26-39 mmHg

Study inclusion flowchart. Patients who underwent TAVR were identified and included if they had primary severe aortic stenosis. Patients were divided into
three groups, very low (VLG), low (LG), and high (HG) mean gradient aortic stenosis, and then followed up at 30 days and 1 year. The number of patients

571 Patients

64 missing KCCQ-12
507 Patients

222 missing KCCQ-12
349 Patients

353 Patients

—> 36 missing KCCQ-12
317 Patients

132 missing KCCQ-12
221 Patients
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TABLE 1 Baseline characteristics according to resting pre-TAVR mean gradient.

Overall

(n=1,006)

>26-39 mmHg

10.3389/fcvm.2023.1194360

>40 mmHg

(n=353)

(n=571)

Age (years) 82.1 (76.3-86.9) 82.6 (78.0-87.3) 81.9 (76.1-86.9) 82.1 (76.1-86.9) 0.62
Female 48.9 41.5 41.9 54.3 <0.001
Race

White 88.7 89.0 90.1 87.7 0.58
Black 93 7.3 8.2 10.3

Other 2.0 3.7 1.7 1.9

Hispanic ethnicity (1 =1,003) 14 37 0.9 1.4 0.15
BMI (kg/mz, n=1,004) 27.4 (23.7-31.8) 26.5 (23.1-31.0) 27.4 (23.6-31.9) 27.6 (23.9-32.0) 0.073
BSA (m?, n=1,004) 1.90 (1.71-2.09) 1.88 (1.71-2.02) 1.90 (1.71-2.10) 1.91 (1.72-2.09) 0.64
Estimated GFR (ml/min/1.73 m% n = 1,005) 58.0 (43.3-76.0) 51.2 (38.8-69.6) 56.9 (40.8-72.7) 59.5 (45.3-78.1) 0.010
Current dialysis 3.2 4.9 2.6 3.3 0.53
Atrial fibrillation/flutter (n = 1,005) 394 58.5 48.9 30.8 <0.001
Diabetes mellitus 36.1 329 382 352 0.53
Chronic lung disease (n =988) 52.1 45.0 57.3 49.9 0.039
Home oxygen therapy 9.2 17.1 8.5 8.4 0.034
Prior PCI/CABG 42.5 51.2 52.7 35.0 <0.001
Prior stroke/TIA 17.1 15.9 20.7 15.1 0.084
STS risk score (n=991) 4.9 (3.1-8.0) 5.0 (3.7-9.7) 5.2 (3.4-8.5) 4.6 (3.0-7.7) 0.004
NYHA class (n=1,002)

1 1.1 12 0.3 1.6 0.010
I 424 284 40.7 454

111 47.8 54.3 51.3 44.7

v 8.9 16.1 7.7 8.3

KCCQ-12 (n=983) 41.7 (25.5-60.4) 32.1 (17.7-52.1) 39.3 (27.1-58.3) 44.3 (26.0-64.1) 0.003
KCCQ-12 <45 (n=983) 55.8 65.9 59.3 52.1 0.017
Baseline echocardiogram

AVA (n=992) 0.70 (0.60-0.84) 0.80 (0.68-0.90) 0.75 (0.62-0.88) 0.70 (0.56-0.80) <0.001
Indexed AVA (11 =990) 0.38 (0.31-0.44) 0.41 (0.36-0.48) 0.39 (0.33-0.46) 0.36 (0.30-0.42) <0.001
AV peak velocity (m/s; n = 956) 4.1 (3.6-4.4) 3.1 (2.9-3.3) 3.6 (3.4-3.9) 44 (4.1-4.7) <0.001
Mean AV gradient (mmHg) 41 (32-50) 23 (21-24) 33 (29-36) 48 (43-57) <0.001
Moderate or greater aortic regurgitation (n = 987) 6.4 37 6.7 6.6 0.59
LVEF (%) 63 (53-65) 55 (40-63) 58 (45-63) 63 (58-68) <0.001
Normal LVEF (>50%) 79.4 62.2 722 86.3 <0.001
Moderate or greater mitral regurgitation (1 = 960) 23.0 30.5 26.7 19.7 0.015
Moderate or greater tricuspid regurgitation (n = 996) 15.5 222 18.8 12.4 0.007
Procedure details

Successful procedure (n =1,004) 99.1 100.0 99.2 99.0 0.64
Anesthesia type (n=1,003)

Moderate 75.9 82.9 73.3 76.5 0.16
General 24.1 17.1 26.7 23.5

Access site (n=1,004)

Tliofemoral 95.9 93.8 94.0 97.4 0.029
Non-iliofemoral 4.1 6.2 6.0 2.6

Cardiopulmonary bypass (n =1,005) 2.1 1.2 2.6 1.9 0.69

Values are median (IQR) or %. KCCQ, Kansas City Cardiomyopathy Questionnaire; NYHA, New York Heart Association; LV, left ventricular; PCI, percutaneous coronary

intervention; TIA, transient ischemic attack; GFR, glomerular filtration rate.

Clinical outcomes

The primary combined poor outcome more frequently occurred
in the VLG group at 30 days (25.4%) than in patients with LG and
HG AS (192% and 12.8%, respectively; p=0.004; Table 2).
The same was true at 1 year (VLG, 46.7%; LG, 29.9%; HG, 23.2%;
p=0.002; Table 3). After adjustment for baseline characteristics,
the VLG group had similar odds of the combined poor outcome
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at 30 days (OR 1.9, 95% CI 0.9-3.8, p = 0.074 compared with HG)
and 1 year (OR 1.80, 95% CI 0.84-3.87, p=0.13 for VLG vs. HG;
Table 4). After imputation for missing values of baseline
covariates and outcomes, VLG was associated with the combined
poor outcome at 30 days (OR 2.1, 95% CI 1.1-4.1, p=0.026) but
not at 1 year (OR 1.8, 95% CI 0.8-3.8, p =0.15; Table 4).

Crude mortality was similar among groups at 30 days but
higher in the VLG group at 1 year, and VLG patients had the
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TABLE 2 Thirty-day outcomes according to baseline resting mean aortic valve gradient.

26-39 mmHg

Combined poor outcome—n (%) 71 18 (25.4) 317 61 (19.2) 507 65 (12.8) 0.004
All-cause mortality—n (%) 82 5 (6.1) 353 16 (4.5) 571 21 (3.7) 0.54
KCCQ-12* 66 81.8 (60.4-94.8) 303 85.4 (63.5-94.8) 490 87.5 (70.3-96.9) 0.061
Change in KCCQ-12* 66 37.7 (15.6-56.9) 299 33.3 (13.5-53.1) 479 34.7 (14.6-53.7) 0.60
Change in KCCQ-12 Groups—n (%)
<-5 3 (4.6) 23 (7.7) 26 (5.4) 0.50
—5-5 3 (4.6) 17 (5.7) 36 (7.5)
>5 60 (90.6) 259 (86.6) 417 (87.1)
NYHA class—n (%) 62 287 479
I 49 (79.0) 239 (83.3) 399 (83.3) 0.20
I 8 (12.9) 41 (14.3) 65 (13.6)
I 4 (6.5) 7 (2.4) 14 (2.9)
v 1 (1.6) 0 (0.0) 1(0.2)
Echocardiogram
AV mean gradient (mmHg)* 55 6 (4-8) 286 7 (5-10) 454 8 (6-11) <0.001
LVEF (%) 55 58 (43-63) 288 60 (48-65) 458 63 (58-68) <0.001

®Values are median (interquartile range). Change in KCCQ-12 is compared with baseline. AV, aortic valve, KCCQ, Kansas City Cardiomyopathy Questionnaire; NYHA,

New York Heart Association.

TABLE 3 One-year outcomes according to baseline resting aortic valve mean gradient.

26-39 mmHg

Combined poor outcome—n (%) 45 21 (46.7) 221 66 (29.9) 349 81 (23.2) 0.002
All-cause mortality—n (%) 82 19 (23.2) 353 47 (13.3) 571 52 (9.1) 0.001
KCCQ-12* 26 89.3 (63.5-96.9) 174 88.9 (68.8-96.9) 297 88.9 (70.8-96.9) 0.86
Change in KCCQ-12* 26 41.9 (29.7-57.5) 167 39.6 (18.8-55.6) 286 36.7 (17.7-55.2) 0.41
Change in KCCQ-12 groups—n (%)
<=5 0 (0.0) 12 (7.2) 16 (5.6) 0.59
—5-5 1(3.9) 8 (4.8) 18 (6.3)
>5 25 (96.2) 147 (88.0) 252 (88.1)
NYHA class—n (%) 25 159 283
1 18 (72.0) 131 (82.4) 234 (82.7) 0.29
11 5 (20.0) 22 (13.8) 44 (15.6)
11 2 (8.0) 6 (3.8) 5(1.8)
v 0 (0.0) 0 (0.0) 0 (0.0)
Echocardiogram?®
AV mean gradient (mmHg) 30 7 (4-9) 176 8 (6-12) 289 9 (6-12) 0.002
LVEF (%) 31 58 (45-63) 180 58 (53-63) 296 63 (58-68) <0.001

*Values are median (interquartile range). Change in KCCQ-12 is compared with baseline. AV, aortic valve, KCCQ, Kansas City Cardiomyopathy Questionnaire; NYHA,

New York Heart Association.

highest mortality rate over the entirety of follow-up by Kaplan-
Meier estimation (p <0.001 by log-rank test; Figure 2, Tables 2,
3). By Cox proportional hazards regression, VLG at baseline did
not predict all-cause mortality after adjustment for differences in
baseline characteristics [hazard ratio (HR) 1.8, 95% CI 1.0-3.3,
p =0.065 vs. HG]. No difference in cause of death through 1 year
was noted according to baseline gradient group (Table 5). The
composite of death or readmission was significantly less common
in the HG group compared with the other two groups
(Supplementary Figure S1, p=0.009 for log-rank test), though
again this difference did not persist after adjustment for baseline
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characteristics (HR 1.1, 95% CI 0.7-1.6, p=0.67 for VLG, and
HR 1.1, 95% CI 0.9-1.4, p=0.37 for LG compared with HG).

Most patients had a significant improvement in their KCCQ-12,
as defined by an increase of >5, both at 30-day and 1-year follow-up
(Tables 2, 3), with no significant difference between groups at either
time point. The median improvement in KCCQ-12 score was more
than 30 in all groups at both 30 days and 1 year, with no difference
between groups. At baseline, less than 30% of VLG patients had an
excellent or good KCCQ-12 score (50-100), whereas more than 75%
and 50% had an excellent or good KCCQ-12 score at 30 days and
1 year, respectively (Figure 3).
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TABLE 4 Univariable and multivariable combined outcome at 30-day and
1-year by mean gradient group.

30-day combined poor outcome®

1-year combined poor outcome®

Odds ratio ~ 95% Cl |~ P-value = Oddsratio = 95% ClI = P-value

Univariable analysis

<25 23 1.3-42 0.006 2.9 1.5-55 | 0.001
26-39 1.6 1.1-24 | 0013 14 1.0-2.1 0.077
>40 Ref - - Ref - -
Multivariable analysis

<25 19 0.9-3.8 0.074 2.0 0.9-4.2 0.09
26-39 1.3 0.8-2.1 0.22 L1 0.7-1.8 0.78
>40 Ref - - Ref - -

Multivariable analysis with multiple imputation

<25 2.1 1.1-4.1 0.026 1.8 0.8-3.8 0.15
26-39 1.6 1.0-2.4 0.04 0.9 0.6-1.5 0.69
>40 Ref - - Ref - -

2Combined poor outcome defined as death, Kansas City Cardiomyopathy
Questionnaire (KCCQ) score of <45, or decrease in KCCQ of >10. For the
multivariable analysis, n = 803 (of 895 with outcome data) for 30 days and n = 540
(of 615 with outcome data) for 1 year. All patients (1,006) were included in the
multivariable analysis with multiple imputation.

TABLE 5 Cause of death through 1-year follow-up according to baseline
mean aortic valve gradient.

Cause of All

<25 mmHg 26-39 mmHg | >40 mmHg

death 118 (n=19) (n=47) (n="52)
Cardiac 26 (22) 4(21) 10 (21) 12 (23)
Neurologic 9 (8) 2 (11) 5(9) 3 (6)
Renal 2(2) 0 (0) 2 (4) 0 (0)
Vascular 4 (3) 1(5) 1(2) 2 (4)
Infection 13 (11) 3 (16) 2 (4) 8 (15)
Valvular 0 (0) 0 (0) 0 (0) 0 (0)
Pulmonary 18 (15) 3 (16) 11 (23) 4 (8)
Unknown 34 (29) 5 (26) 14 (30) 15 (29)
Other 12 (10) 1(5) 3 (6) 8 (15)

All numbers are n (%). p = 0.46 for comparison by Chi-square test.

Patients in the VLG group had a lower AV mean gradient at
30 days compared with the LG and HG groups (6 mmHg, IQR
4-8 mmHg vs. 7mmHg, IQR 5-10 mmHg and 8 mmHg, IQR
6-11 mmHg, respectively; p < 0.001; Table 2), and this difference
persisted at 1 year (Table 3). Similarly, those in the VLG group
had a lower LVEF at both 30 days and 1 year (58%, IQR
45%-63% for VLG at both time points; Tables 2, 3).

The results of the hypothesis-generating invasive hemodynamics
are presented in the Supplementary Material and summarized in
Supplementary Figure S2.

Discussion

To the best of our knowledge, this is the first report to analyze
the phenotype and outcomes of VLG patients undergoing TAVR.
We found that compared with HG and LG, VLG severe AS
patients undergoing TAVR (1) have a higher comorbidity burden
and worse baseline functional status, (2) may have worse
outcomes at 30 days post-TAVR but not at 1 year after
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Survival

Proportion

0 90 180 270 360
Time (days)

Number at risk
VLG 82 54 52 45 30
LG 353 260 249 239 180
HG 571 434 422 412 338

FIGURE 2

Kaplan—Meier survival curve estimates according to baseline mean
aortic valve gradient group. VLG, very low gradient; LG, low gradient;
HG, high gradient.

adjustment for baseline characteristics, (3) have similar
improvements in health status after TAVR, and (4) have lower
mean AV gradients at both 30 days and 1 year post-TAVR.

Up to 30% of patients referred for evaluation of AS have LFLG
(AV area of <1.0 cm? with peak velocity of <4.0 m/s, mean
gradient of <40 mmHg, and stroke volume index of <35 ml/mz),
and therefore it is imperative to more clearly understand the
phenotype and outcomes (11). Prior studies have shown that
patients with classical severe LFLG AS (ie., with a reduced
LVEF) benefit from surgical AVR similar to those with HG AS,
though with a significantly increased perioperative hazard (12).
However, in most of these prior studies, the LFLG severe AS
patients generally have a mean gradient of 30-40 mmHg (3-5,
13-16). A prior analysis of patients with severe AS undergoing
TAVR with a self-expanding valve showed that resting pre-TAVR
mean gradient was associated with 1-year mortality, but very few
patients had a mean gradient of <25 mmHg (17). In addition,
the diagnosis of VLG AS is challenging and not well-
standardized. The resultant combination of a very symptomatic
patient, uncertainty as to whether the AV disease is the culprit
for the symptoms, and unknown outcomes of AV intervention
presents a challenge for decision-making.

Compared with LG and HG, patients with VLG severe AS had a
greater burden of comorbidities including atrial fibrillation/flutter,
current dialysis, home oxygen therapy, lower LVEF, and worse
mitral and tricuspid regurgitation. The higher prevalence of
moderate or severe mitral regurgitation may contribute to the
lower mean AV gradients in the VLG group because forward flow
may be proportionally reduced (18). Furthermore, the higher
prevalence of atrial fibrillation/flutter may also contribute to the
lower mean AV gradients due to beat-to-beat variability. While the
standard practice is to report the mean AV gradient averaged over
several beats when the R-R interval varies (as in atrial fibrillation),
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FIGURE 3

gradient group.

Health status at baseline and follow-up according to mean gradient group. KCCQ-12 scores are shown at baseline, 30 days, and 1 year in each mean

recent evidence suggests that this may underestimate the true
gradient and therefore the severity of AS (19). Further, VLG
patients were more symptomatic at baseline; the median KCCQ-12
summary score was 32.1, and more than 70% had NYHA class III
or IV heart failure symptoms. Although this is consistent with our
hypothesis that VLG patients are sicker with worse cardiac output
resulting in lower AV gradients and worse functional status,
selection bias for more symptomatic patients in this group is also
noticed. Given the challenges with diagnosis and the uncertain
outcomes of TAVR in this population, our Heart Team only
recommended TAVR for those patients with VLG AS who were
symptomatic, whereas the symptom threshold to recommend
TAVR was likely lower in the HG and LG groups.

We found that patients with VLG AS had a higher unadjusted
rate of the combined poor outcome (death, KCCQ-12 of <45, or
decrease in KCCQ-12 of >10) at 30 days and 1 year compared
with the LG and HG groups. However, after adjustment for
differences in baseline characteristics, VLG patients had a similar
rate of the combined poor outcome both at 30 days and 1 year.
After multiple imputation for missing data, patients with VLG
AS had a higher risk of the combined poor outcome at 30 days
but not at 1 year. This is consistent with prior observations of
LG patients undergoing SAVR which suggested an overall benefit
from SAVR but a higher perioperative hazard compared with
HG patients (12). Similarly, VLG patients had a higher mortality
rate during follow-up, reaching 23.2% at 1 year compared with
9.1% for the HG group. However, no mortality difference was
found between gradient groups after adjustment for baseline
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differences, and we also did not find a difference in the causes of
mortality between groups. It is notable that our observed 1-year
mortality in the VLG AS is significantly lower than the 1-year
mortality rate of untreated severe symptomatic AS in previous
studies (1, 2). Taken together, these observations suggest that
while VLG patients have a higher 1-year mortality rate compared
with LG and HG severe AS patients, that mortality is largely a
function of their comorbidities, and still a likely mortality benefit
to the treatment of VLG severe AS patients is reported.

Importantly, our data show that most patients in this study, all
of whom were diagnosed with severe AS by our institution’s Heart
Team, had a significant improvement in symptoms after TAVR
regardless of resting AV gradient. VLG patients had the lowest
median KCCQ-12 summary score at baseline but at 30 days and
1 year had a median KCCQ-12 summary score equivalent to
those of LG and HG patients. Furthermore, more than 90% of
VLG patients had at least a 5-point improvement in KCCQ-12
summary score at 30 days and 1 year, a change that has
previously been shown to be clinically significant and which is
consistent with the improvements seen in the LG and HG
patients (6). In addition, the 1-year KCCQ-12 scores in all three
gradient groups are similar to those in the most recent STS/ACC
TVT Registry report (median of 84.38) (8). Therefore, there is a
little doubt that TAVR markedly improved symptoms in the
patients in our study regardless of resting AV gradient.

Our mortality and health status outcome findings suggest that
patients with severe symptomatic AS benefit from TAVR regardless
of their resting transvalvular gradient. However, VLG patients have
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a considerably elevated post-TAVR mortality rate that is likely a
function of their comorbidity burden. Therefore, we suggest that
selection of VLG patients for TAVR should be particularly
focused on the likelihood of symptomatic improvement with
TAVR with a particularly careful assessment of the non-valve-
related expected survival. In particular, it is important for the
Heart Team to clearly evaluate if the symptoms are truly due to
severe AS or another comorbidity. This contrasts with HG severe
AS patients in whom the intermediate- to long-term mortality
benefit of TAVR is a primary driving force in the decision to
pursue intervention.

Perhaps unsurprisingly, we found that patients in the VLG group
had lower AV gradients by echocardiography at 30 days and 1 year
post-TAVR. This suggests that patients in the VLG group truly
have markedly reduced stroke volume at baseline and that stroke
volume does not fully normalize after TAVR. This finding implies
that post-TAVR gradients should be interpreted in the context of
the pre-TAVR gradient in patients with reduced stroke volume;
several years after TAVR, a “normal” post-TAVR gradient may in
fact indicate recurrent stenosis in a patient with a very low mean
AV gradient pre-TAVR. If TAVR utilization expands in this patient
group, definitions of “normal” post-TAVR gradients according to
valve model and size may need to be updated to account for these
considerations. In addition, these definitions may need to rely more
upon measures of valve obstruction that are less dependent on
transvalvular flow (e.g., effective orifice area).

In our limited analysis comparing mean AV gradient and
indexed AV area by echocardiography and invasive assessment, a
lack of correlation in the mean gradient was seen. Although some
patients invasively had a lower mean gradient, many had a
considerably higher gradient. Although invasive hemodynamics
were available in only one-third of patients, this finding highlights
the importance of invasive evaluation of all patients with high
suspicion for AS as the etiology of their symptoms when the
echocardiographic measurements are discordant (20). Further
analysis with a larger cohort and more complete hemodynamic
data is required to further assess this question.

Study strengths and limitations

Strengths of our study include the use of a composite, patient-
centered “poor outcome” that includes both mortality and health
status outcomes, the relatively large proportion of VLG patients,
and standardized baseline covariates and outcomes. Our study
has several limitations. The single-center nature of our study may
which
duplication in a larger, more diverse data set. The retrospective

affect the generalizability of the findings, require
design of this study allows determination of association but not
causation, and clinical covariates and outcomes were not strictly
adjudicated. Importantly, our study lacks data on stroke volume
and transvalvular flow, which may be at least as important as the
mean gradient. Our study is also limited by suboptimal 1-year
follow-up; 61.1% of patients in our study had death or a KCCQ-
12 score at 1 year, which is somewhat lower than the 67.2% rate
of the same in the most recent STS/ACC TVT Registry report
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(8). Although we used multiple imputation to address this
shortcoming, we cannot exclude differential loss to follow-up
leading to bias in our results. For example, sicker patients may
be less likely to return for follow-up, and if those patients are
more frequent in the VLG group, the VLG group outcomes may
look more favorable. More complete and longer-term follow-up
data are required to confirm our findings in other cohorts. We
also do not have data regarding physical frailty, which may be an
important contributor to outcomes in the VLG population, and
invasive hemodynamics were available only for a minority of
VLG patients. Finally, because we only have follow-up to 1 year,
we are unable to exclude differences in outcomes beyond this
time point.

Conclusions

Compared with HG and LG patients with severe AS
undergoing TAVR, patients with VLG have a higher burden of
comorbidities and symptoms. VLG patients have a higher rate of
a poor post-TAVR outcome at 30 days and 1 year, though these
differences are not significant after adjustment for baseline
characteristics. Similarly, VLG patients undergoing TAVR have a
higher mortality rate through 1 year of follow-up though this
difference is no longer significant after adjustment for baseline
differences between groups. Nearly all patients with VLG severe
AS who underwent TAVR had marked
symptoms. Our results suggest that severe symptomatic AS

improvement in

patients benefit from TAVR regardless of baseline mean gradient,
though VLG patients primarily benefit in terms of symptomatic
improvement rather than increased survival. Further study
should improve the diagnosis of VLG severe AS both with and
without a preserved LVEF, refine patient selection for valve
intervention, and determine long-term outcomes.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and
approved by the Institutional Review Board. Written informed
consent for participation was not required for this study in
accordance with the national legislation and the institutional
requirements.

Author contributions

FR, HM, JR, RH, and MC contributed to the conception and
design of the study. FR, WM, and MC organized the database

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1194360
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Rahman et al.

and performed the statistical analysis. FR and HM wrote the first
draft of the manuscript. JR, RH, HA, and MC wrote the sections
of the manuscript. All authors contributed to the article and
approved the submitted version.

Conflict of interest

JR reports grants to the institution from Medtronic for pivotal
TAVR studies for which he is a principal investigator. RH and MC
report institutional research funding from Medtronic, Abbott,
Edwards Lifesciences, and V-Wave Medical.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

References

1. Braunwald E. On the natural history of severe aortic stenosis. ] Am Coll Cardiol.
(1990) 15:1018-20. doi: 10.1016/0735-1097(90)90235-H

2. Arnold SV, Spertus JA, Lei Y, Green P, Kirtane AJ, Kapadia S, et al. How to define
a poor outcome after transcatheter aortic valve replacement: conceptual framework
and empirical observations from the placement of aortic transcatheter valve
(PARTNER) trial. Circ Cardiovasc Qual Outcomes. (2013) 6:591-7. doi: 10.1161/
CIRCOUTCOMES.113.000354

3. Luo X, Zhao Z, Chai H, Zhang C, Liao Y, Li Q, et al. Efficacy of transcatheter
aortic valve implantation in patients with aortic stenosis and reduced LVEF. Herz.
(2015) 40:168-80. doi: 10.1007/s00059-014-4193-z

4. Conrotto F, D’Ascenzo F, D’Amico M, Moretti C, Pavani M, Scacciatella P, et al.
Outcomes of patients with low-pressure aortic gradient undergoing transcatheter
aortic valve implantation: a meta-analysis. Catheter Cardiovasc Interv. (2017)
89:1100-6. doi: 10.1002/ccd.26839

5. Fischer-Rasokat U, Renker M, Liebetrau C, van Linden A, Arsalan M, Weferling
M, et al. 1-year survival after TAVR of patients with low-flow, low-gradient and high-
gradient aortic valve stenosis in matched study populations. JACC Cardiovasc Interv.
(2019) 12:752-63. doi: 10.1016/j.jcin.2019.01.233

6. Spertus JA, Jones PG, Sandhu AT, Arnold SV. Interpreting the Kansas City
Cardiomyopathy Questionnaire in clinical trials and clinical care: JACC state-of-
the-art review. ] Am Coll Cardiol. (2020) 76:2379-90. doi: 10.1016/j.jacc.2020.09.542

7. Levey A, Stevens L, Schmid C, Zhang Y, Castro A, Feldman H, et al. A new
equation to estimate glomerular filtration rate. Ann Intern Med. (2009) 463:604-12.
doi: 10.7326/0003-4819-150-9-200905050-00006

8. Carroll JD, Mack MJ, Vemulapalli S, Herrmann HC, Gleason TG, Hanzel G, et al.
STS-ACC TVT registry of transcatheter aortic valve replacement. J Am Coll Cardiol.
(2020) 76:2492-516. doi: 10.1016/j.jacc.2020.09.595

9. Gorlin R, Gorlin G. Hydraulic formula for calculations of stenotic mitral valve,
and other cardiac valves. Am Heart J. (1951) 41:29-36. doi: 10.1016/0002-8703(51)
90002-6

10. White IR, Royston P, Wood AM. Multiple imputation using chained equations:
issues and guidance for practice. Stat Med. (2011) 30:377-99. doi: 10.1002/sim.4067

11. Awtry E, Davidoff R. Low-flow/low-gradient aortic stenosis. Circulation. (2011)
124:€739-41. doi: 10.1161/CIRCULATIONAHA.111.075853

Frontiers in Cardiovascular Medicine

09

10.3389/fcvm.2023.1194360

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.2023.
1194360/full#supplementary-material

12. Czarny MJ, Resar JR. Diagnosis and management of valvular aortic stenosis. Clin
Med Insights Cardiol. (2014) 8:15-24. doi: 10.4137/CMC.S15716

13. Lauten A, Figulla HR, Méllmann H, Holzhey D, Kotting J, Beckmann A, et al.
TAVI For low-flow, low-gradient severe aortic stenosis with preserved or reduced
ejection fraction: a subgroup analysis from the German Aortic Valve Registry
(GARY). Eurolntervention. (2014) 10:850-9. doi: 10.4244/EIJV1017A145

14. Kataoka A, Watanabe Y, Kozuma K, Nara Y, Nagura F, Kawashima H, et al.
Prognostic impact of low-flow severe aortic stenosis in small-body patients
undergoing TAVR: the OCEAN-TAVI registry. JACC Cardiovasc Imaging. (2018)
11:659-69. doi: 10.1016/j.jcmg.2016.12.028

15. Debry N, Sudre A, Amr G, Delhaye C, Schurtz G, Montaigne D, et al.
Transcatheter aortic valve implantation for paradoxical low-flow low-gradient aortic
stenosis patients. Catheter Cardiovasc Interv. (2016) 87:797-804. doi: 10.1002/ccd.
26253

16. Bavishi C, Balasundaram K, Argulian E. Integration of flow-gradient patterns
into clinical decision making for patients with suspected severe aortic stenosis and
preserved LVEF: a systematic review of evidence and meta-analysis. JACC
Cardiovasc Imaging. (2016) 9:1255-63. doi: 10.1016/j.jcmg.2016.01.035

17. Chetcuti S], Deeb GM, Popma JJ, Yakubov SJ, Grossman PM, Patel HJ, et al.
Self-expanding transcatheter aortic valve replacement in patients with low-gradient
aortic stenosis. JACC Cardiovasc Imaging. (2019) 12:67-80. doi: 10.1016/j.jcmg.
2018.07.028

18. Katte F, Franz M, Jung C, Figulla HR, Leistner D, Jakob P, et al. Impact of
concomitant mitral regurgitation on transvalvular gradient and flow in severe aortic
stenosis: a systematic ex vivo analysis of a subentity of low-flow low-gradient aortic
stenosis. Eurolntervention. (2018) 13:1635-44. doi: 10.4244/EIJ-D-17-00476

19. Alkurashi AK, Pislaru SV, Thaden JJ, Collins JD, Foley TA, Greason KL, et al.
Doppler mean gradient is discordant to aortic valve calcium scores in patients with
atrial fibrillation undergoing transcatheter aortic valve replacement. ] Am Soc
Echocardiogr. (2022) 35:116-23. doi: 10.1016/j.ech0.2021.08.024

20. Writing Committee M, Otto CM, Nishimura RA, Bonow RO, Carabello BA,
Erwin JP, et al. 2020 ACC/AHA guideline for the management of patients with
valvular heart disease: executive summary: a report of the American College of
Cardiology/American Heart Association Joint Committee on clinical practice
guidelines. J Am Coll Cardiol. (2020) 77(4):450-500. doi: 10.1016/j.jacc.2020.11.035

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcvm.2023.1194360/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1194360/full#supplementary-material
https://doi.org/10.1016/0735-1097(90)90235-H
https://doi.org/10.1161/CIRCOUTCOMES.113.000354
https://doi.org/10.1161/CIRCOUTCOMES.113.000354
https://doi.org/10.1007/s00059-014-4193-z
https://doi.org/10.1002/ccd.26839
https://doi.org/10.1016/j.jcin.2019.01.233
https://doi.org/10.1016/j.jacc.2020.09.542
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1016/j.jacc.2020.09.595
https://doi.org/10.1016/0002-8703(51)90002-6
https://doi.org/10.1016/0002-8703(51)90002-6
https://doi.org/10.1002/sim.4067
https://doi.org/10.1161/CIRCULATIONAHA.111.075853
https://doi.org/10.4137/CMC.S15716
https://doi.org/10.4244/EIJV10I7A145
https://doi.org/10.1016/j.jcmg.2016.12.028
https://doi.org/10.1002/ccd.26253
https://doi.org/10.1002/ccd.26253
https://doi.org/10.1016/j.jcmg.2016.01.035
https://doi.org/10.1016/j.jcmg.2018.07.028
https://doi.org/10.1016/j.jcmg.2018.07.028
https://doi.org/10.4244/EIJ-D-17-00476
https://doi.org/10.1016/j.echo.2021.08.024
https://doi.org/10.1016/j.jacc.2020.11.035
https://doi.org/10.3389/fcvm.2023.1194360
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Outcomes among patients undergoing transcatheter aortic valve replacement with very low baseline gradients
	Introduction
	Methods
	Study design
	Study procedures
	Outcomes and hemodynamics
	Statistical analysis

	Results
	Baseline characteristics
	Clinical outcomes

	Discussion
	Study strengths and limitations

	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Conflict of interest
	Publisher's note
	Supplementary material
	References


