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Leaflet Thickening and Clinical Outcomes

Miho Fukui®, MD, PhD; Vinayak N. Bapat, MD; Santiago Garcia(®, MD; Marshall W. Dworak2, BS;
Go Hashimoto®, MD; Hirotomo Sato®®, MD, PhD; Mario Géssl, MD, PhD; Maurice Enriquez-Sarano®2, MD;
John R. Lesser, MD; Jodo L. Cavalcante, MD; Paul Sorajja‘®, MD

BACKGROUND: Although transcatheter aortic valve replacement (TAVR) therapy continues to grow, there have been concerns
about the occurrence of hypoattenuating leaflet thickening (HALT), which may affect prosthesis function or durability. This
study aimed to examine prosthesis frame factors and correlate their extent to the frequency of HALT and clinical outcomes.

METHODS: We prospectively examined 565 patients with cardiac computed tomography screening for HALT at 30 days
after balloon-expandable SAPIEN3 and self-expanding EVOLUT TAVR. Deformation of the TAVR prostheses, asymmetric
prosthesis leaflet expansion, prosthesis sinus volumes, and commissural alignment were analyzed on the postprocedural
computed tomography. For descriptive purposes, an index of prosthesis deformation was calculated, with values >1.00
representing relative midsegment underexpansion. A time-to-event model was performed to evaluate the association of
HALT with the clinical outcome.

RESULTS: Overall, HALT was present in 21% of SAPIEN3 patients and in 16% of EVOLUT patients at 30 days after TAVR.
The occurrence of HALT was directly associated with greater prosthesis frame deformation (R<0.001), worse asymmetry
of the leaflets (A<0.001), and smaller TAVR neosinus volumes (F<0.001). These relations were present in both prosthetic
types and in all of their size ranges (all A<0.05). In multivariable analyses that include clinical variables previously associated
with HALT (eg, anticoagulant therapy), variables of TAVR prosthesis deformation remained predictive of HALT. Although
HALT was not associated with changes in prosthetic hemodynamics, its presence was associated with the risk of mortality at
1 year, with respect to greater incidences of all-cause mortality (hazard ratio, 2.98 [95% Cl, 1.67-5.63]; A=0.001), cardiac
death (hazard ratio, 4.58 [95% Cl, 1.81-11.6]; ~=0.001), and a composite outcome of all-cause mortality and heart failure
hospitalization (hazard ratio, 1.94 [95% Cl, 1.14-3.30]; P=0.02) with adjustment for age, sex, and comorbidities.

CONCLUSIONS: Nonuniform expansion of TAVR prostheses resulting in frame deformation, asymmetric leaflet, and smaller
neosinus volume is related to occurrence of HALT in patients who undergo TAVR. These data may have implications for both
prosthesis valve design and deployment techniques to improve clinical outcomes for these patients.
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is a finding on cardiac computed tomogra-  implications have been debated, there has been concern
phy (CT) that occurs in 10 to 20% of patients ~ about HALT and its potential increased risk of stroke or
who undergo transcatheter aortic valve replacement  transient ischemic attack, as well as valve thrombosis

I Iypoattenuating leaflet  thickening  (HALT)  (TAVR)."* Although its biological process and clinical
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Clinical Perspective

What Is New?

» The present investigation is the first study to pro-
spectively and systematically evaluate transcatheter
aortic valve replacement prosthesis deformation
and the risk of hypoattenuating leaflet thickening
development in patients treated with contemporary
balloon-expandable SAPIEN 3 and self-expanding
EVOLUT devices.

* Nonuniform expansion of transcatheter aortic valve
replacement prostheses resulting in frame defor-
mation, asymmetric leaflet, and smaller neosinus
volume is related to occurrence of hypoattenuat-
ing leaflet thickening, with stronger relation than
observed for other clinical variables.

* Although hypoattenuating leaflet thickening was
not associated with changes in prosthetic hemo-
dynamics, its presence was associated with worse
survival at 1 year with respect to greater incidences
of all-cause mortality, cardiac death, and heart fail-
ure hospitalization.

What Are the Clinical Implications?

* Our findings might have implications for the con-
tinued expanded use of transcatheter aortic valve
replacement by valve design and deployment tech-
niques, as well as clinical management that might
mitigate the risk of hypoattenuating leaflet thicken-
ing and its potential clinical sequelae.

Nonstandard Abbreviations and Acronyms

AUC area under the curve

CT computed tomography

HALT hypoattenuating leaflet thickening
ICC intraclass correlation coefficient

RLM reduced leaflet motion

TAVR transcatheter aortic valve replacement
THV transcatheter heart valve

and reduced long-term durability.>" Because TAVR is
now a widely used therapy in aortic stenosis and has
recently been expanded to low-risk patients with longer
life expectancy, insights into mechanisms of HALT are
needed to support continued and expanded use of this
aortic valve replacement modality.

Mechanistic insight into causative factors for HALT
remains limited. Overall, HALT is known to occur more
commonly in TAVR than in surgical prostheses.®® Some
studies have suggested a greater incidence in balloon-
expandable compared with self-expanding transcatheter
heart valves (THV)."?® Models have been developed to
examine variations in flow across the aortic sinuses after
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deployment of THV.'>"'? These studies have generated
plausible explanations for HALT, given the known contri-
bution of hemostasis and turbulence towards thrombus
formation.'®'* A central aspect of these flow disturbances
is nonuniform expansion of THV devices, either from
asymmetric expansion or underexpansion, both of which
are more common with THV devices. A previous report
indicated the association of regional underexpansion of
self-expanding THV and HALT occurrence.”™ Such non-
uniformity can be identified immediately after THV place-
ment, and potentially addressed acutely if known to be
associated with HALT or clinical sequelae.

Accordingly, we hypothesized that HALT is associated
with anatomical derangements of THV prostheses, occur-
ring even in the absence of increased transvalvular gra-
dients by echocardiography. In this study, we performed
an examination with cardiac CT for HALT prospectively
to minimize enrollment bias, and investigated its relation
to the deformation of THV prostheses that occurs after
implantation. Data from the present investigation were
gathered prospectively in patients with severe, symp-
tomatic aortic stenosis, who were treated with balloon-
expandable SAPIEN 3 (Edwards Lifesciences Inc, Irvine,
CA) and self-expanding EVOLUT R/PRO (Medtronic Inc,
Galway, Ireland) THV prostheses, and included evalua-
tions of prosthesis leaflet expansion and volumes in the
sinus of Valsalva both occupied and unoccupied by the
prostheses.

METHODS

The data and analytic methods that support the findings of this
study are available from the corresponding author on reason-
able request.

Study Design and Patient Population

Beginning on July 1, 2015, we implemented a clinical proto-
col in which all patients at our hospital (Abbott Northwestern
Hospital, Minneapolis, MN) prospectively underwent a retro-
spective, ECG-gated, contrast-enhanced cardiac CT examina-
tion for the detection of HALT and leaflet mobility at 30 days
after TAVR, unless there was a medical (eg, high risk of con-
trast nephropathy) or social (eg, unable to travel) contraindica-
tion to performance of the study, as previously described." The
present study prospectively enrolled all patients with severe,
symptomatic aortic stenosis, regardless of morphology, and
who underwent such CT examinations between July 1, 2015,
and October 30, 2019, and who were treated with TAVR using
a balloon-expandable, 23-, 26-, or 29-mm SAPIEN 3 or a self-
expanding, 26-, 29-, or 34-mm EVOLUT R/PRO prosthesis.
Patients with transfemoral and nontransfemoral TAVR delivery
were included. All patients underwent a comprehensive clinical
evaluation by a heart team and were deemed appropriate to
undergo TAVR in accordance with clinical guidelines.'®'” This
evaluation included comprehensive baseline echocardiogra-
phy and cardiac CT assessments as previously described for
aortic stenosis and TAVR planning using standard systems.'81°
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Study exclusion criteria were valve-in-valve procedure or inad-
equate CT image quality for THV assessment of HALT and
leaflet mobility. Although both 20-mm SAPIEN 3 and 23-mm
EVOLUT R/PRO devices were available, few patients were
treated with these sizes and thus were excluded from this
study. Patients who did not have a device implanted or who had
perioperative death that precluded subsequent CT imaging also
were excluded.

Before TAVR, all patients routinely received a loading dose
of aspirin (3256 mg) or were continued on dual antiplatelet
therapy consisting of aspirin and clopidogrel. During the TAVR
procedure, weight-adjusted unfractionated heparin was given
to achieve an activated clotting time of 2250 seconds. After
the procedure, patients received oral aspirin and clopidogrel for
3 to 6 months, followed by lifelong aspirin therapy. For patients
with indications for long-term anticoagulation, a combination
of warfarin or direct oral anticoagulation and single antiplatelet
therapy for 3 to 6 months was administrated, followed by life-
long anticoagulation therapy on the basis of the risks of throm-
boembolism and bleeding.

The present study was approved by the Allina Institutional
Review Board and conducted in accordance with the
Declaration of Helsinki. All patients provided informed consent
for the use of their medical records for research purposes.

CT Image Acquisition and Analysis

For both baseline and 30-day examinations, ECG-gated dual-
source CT imaging was performed with previously published
protocols (Expanded Methods).! All CT imaging analyses were
performed on a dedicated postprocessing workstation equipped
with Circle CVI42 (version 5.12, Circle Imaging, Calgary, Canada)
by a single, imaging Core Lab expert (M.F) in a dedicated car-
diac CT core laboratory under the supervision of the director
(J.L.C). Baseline variables were assessed with preprocedural CT
imaging with standard definitions of aortic valve leaflet morphol-
ogy, calcification, annular area, oversizing, ventricular volumes,
and ejection fraction.?® All analyses for prosthesis implantation
and expansion were performed in 1 phase of middiastole (70 to
85% of the R-R interval) for each patient, with the assumption
that location and degree of expansion would not change during
the cardiac cycle. The evaluations of HALT and reduced leaflet
motion (RLM) were performed in at least 2 different diastolic
phases and the entire systolic phases, respectively.

Examination of Prosthesis Implantation and
Expansion

Prosthesis Frame Deformation

For SAPIEN 3 devices, measurements of the internal and the
external stent-frame area and major and minor diameter were
performed at 4 levels of the prosthesis: leaflet outflow (ie, the
3 commissural tabs of prosthetic leaflets, or a in the equation
below); prosthesis waist (ie, the tip of the outer skirt, b); leaflet
inflow (ie, the nadir of prosthesis leaflets, ¢); and native annu-
lus (Figure 1, Figures S1 and S2). The postprocedural native
annulus level was identified by using the preprocedure distance
from the annular plane to the sinotubular junction, both known
from the pre-TAVR procedure CT study. The prosthesis defor-
mation index was calculated using the internal area of each
level as follows:
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Prosthesis deformation index = (a+c)/ (2xb)

A relatively larger prosthesis deformation index represents
a configuration more comparable with an hourglass shape,
whereas a smaller index more represents a cylindrical orien-
tation. The design intention of EVOLUT R/PRO prosthesis
is to be hourglass-shaped with varying cross-sectional areas
throughout the frame. Thus, we could not apply the prosthe-
sis deformation index to an analysis of EVOLUT R/PRO valve.
Oversizing at the native annulus level, and expansion at the 4
levels, were calculated as follows:

o external THV measured area at native
Oversizing(%) = , %100
annulus level / native annular area —1

Expansion(t) = (external THV measured area /) 100
p 7 nominal THV area

Nominal SAPIEN 3 prosthetic valve areas used in the cal-
culations were 409 mm? 519 mm? and 649 mm? for 23-mm,
26-mm, and 29-mm THV devices, respectively.?'??

For EVOLUT R/PRO devices, measurements of major and
minor diameter were performed at 6 levels of the prosthesis:
frame outflow (ie, the tips of the prosthesis); leaflet outflow (ie,
the 3 commissural tabs of the prosthetic leaflets); prosthesis
waist (ie, the waist between the leaflet outflow and the leaf-
let inflow levels); leaflet inflow (ie, the nadir of the prosthetic
leaflets); native annulus; and frame inflow (ie, the nadir of the
prosthesis) (Figure 1, Figures S1 and S2).

For both SAPIEN 3 and EVOLUT R/PRO devices, eccen-
tricity was calculated at each of their described levels as follows:

(minor diameter)2

Eccentricity = |1- - -
(major diameter)2

Eccentricity varies between O and 1. A relatively larger eccen-
tricity represents a configuration more comparable with an oval
shape, whereas a smaller index (ie, close to 0) more represents
a circular orientation.

Neosinus and Valsalva volumes

For volume measurements of the THV prosthesis and the sinus
of Valsalva, a short-stack of images from the nadir to the tips of
THV were reconstructed with 1.0-mm slice thickness without a
gap (Figure 1, Figure S1). Neosinus volume was measured as
the volume above the prosthesis leaflets within the prosthesis
frame. Valsalva volume was measured as the volume outside
of the THV prosthesis from the native annulus (e, the bottom
of sinuses of Valsalva) to the level of the upper 3 commissural
tabs of the THV device with and without visually identified cal-
cium volume. Total neosinus volume was calculated as the sum
of neosinus volume and Valsalva volume. The relative location
of prosthetic leaflets to THV frame is described in Figure S2.
Because the nominal volume of the neosinus would be expected
to vary by valve type and size, a receiver operating characteristic
analysis was performed to calculate a threshold for each pros-
thesis size, and then used for standardization as the neosinus
volume index for the entire cohort analysis. A neosinus volume
index of >1.00 represents relatively larger neosinus volume,
whereas a value <1.00 represents a smaller volume.

Asymmetrical Leaflet Expansion
The expansion of each prosthesis leaflet was evaluated by measur-
ing the angle formed by the border stent struts assigned to each

Circulation. 2022;146:480-493. DOI: 10.1161/CIRCULATIONAHA.121.0568339
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Figure 1. Transcatheter heart valve and sinus of Valsalva volume measurements.

For volume measurements of the transcatheter heart valve (THV) prosthesis and the sinus of Valsalva, short-stack images from the nadir of THV
to the sinotubular junction or the tips of THV frame were reconstructed with 1.0-mm slice thickness without a gap for SAPIEN 3 (A) and EVOLUT
R/PRO (B). Neosinus volume was measured as the volume above the THV leaflets within the prosthesis frame. Valsalva volume was measured
as the volume outside of the THV prosthesis from the native annulus (ie, the bottom of Valsalva) to the 3 commissural tabs of THV leaflets. Total
neosinus volume was calculated as the sum of neosinus volume and Valsalva volume. For the SAPIEN 3 device (A), measurements of the internal
and the external stent-frame area and major and minor diameter were performed at 4 levels of the prosthetic valve: leaflet outflow (ie, the 3
commissural tabs of prosthetic leaflets); prosthesis waist (ie, the tip of the outer skirt); leaflet inflow (ie, the nadir of prosthesis leaflets); and native
annulus. For the EVOLUT R/PRO device (B), measurements of major and minor diameter were performed at the 6 levels of the prosthetic valve:
frame outflow (ie, the tips of the THV prosthesis); leaflet outflow (ie, the 3 commissural tabs of the prosthetic leaflets); prosthesis waist (ie, the
waist between the commissure tabs and the leaflet nadir levels); leaflet inflow (ie, the nadir of the prosthetic leaflets); native annulus; and frame
inflow (ie, the nadir of the THV prosthesis). Ao indicates ascending aorta; and LV, left ventricle.

prosthetic leaflet, and the THV center point at the coaptation level
(Figure S1).® Given that full leaflet expansion would be assumed
to be 120° which is based on the design intent for the frames to be
expanded during implantation into a uniform, complete circle with
3 symmetric leaflets, each of which is of the same size and shape,
asymmetric leaflet expansion was calculated as the sum of the dif-
ference between 120° and each measured leaflet angle.

Implant Depth and Canting

For measurement of implant depth, the distance between
inflow aspect of the THV prosthesis and the basal plane at the
center of each cusp was measured and averaged.? The degree
of canting was calculated as the difference between the maxi-
mum and minimum implant depths.

Commissure Alignment

Commissure alignment was defined as malalignment for
patients treated with SAPIEN 3 when the coronary ostium
position was either below the inner skirt or in front of 1 of the
3 THV commissural tabs. For those with EVOLUT R/PRO,
malalignment was defined as present when the coronary

Circulation. 2022;146:480-493. DOI: 10.1161/CIRCULATIONAHA.121.058339

ostium position was below the skirt, in front of 1 of the 3 THV
commissural triangles above the skirt to the commissural inser-
tion point at 26 mm in height, or in front of the 3 THV commis-
sural tabs, as previously described.?*

Definition of HALT and RLM

Using multiplanar reformats, each prosthetic leaflet was
evaluated for the presence of HALT and RLM. HALT was
defined as visually identified increased leaflet thickness with
typical meniscal appearance in at least 2 different multipla-
nar reformation projections and 2 different reconstruction
time intervals.?526 The extent of leaflet thickening was semi-
quantitatively graded on long-axis views, carefully aligned
with the leaflet center for involvement along the curvilinear
leaflet beginning at the base, using a b-tier grading scale:
none, 25%, 26% to 50%, 51% to 75%, and >75%. In the
event of observed HALT, the presence of RLM throughout
the entire systole was evaluated using a similar grading scale
along the curvilinear leaflet beginning at the base: none, 25%,
26% to 50%, 51% to 75%, and >75%. Valsalva thrombus
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was defined as a low-density space without enhancement
of contrast media between the native sinus of Valsalva and
implanted THV prosthesis.

Statistical Analysis

The electronic medical record was manually reviewed in its
entirety for clinical characteristics, morbidities, procedures,
and clinical outcomes. For patients with SAPIEN 3 with-
out nominal balloon filling, underfilling and overfilling were
respectively defined as more than —0.5 less and 21 mL more
than nominal volume.

Analyses were performed for the study cohort overall, and
also according to valve type and sizes that were implanted.
Categorical and continuous variables were expressed as fre-
quencies (percentages) and medians [interquartile ranges],
respectively, and compared using the Mann-Whitney-Wilcoxon
test. The intrarater reliability was estimated using an intra-
class correlation coefficient (ICC) for a random sample of 20
patients. The sample size was estimated assuming the length
of the interval estimate to be 40% of the expected ICC val-
ues of at least 0.8. The estimated ICC values were all >0.8,
and the estimated interval lengths were well below that in the
assumption. The measurements on each patient were made
twice at least 4 weeks apart with the reading order randomized
independently on each occasion. The estimated ICC values and
their 95% Cls are reported.

Correlations were examined with calculation of Pearson
coefficients. Receiver operating characteristic analyses were
performed to assess the utility of the cardiac CT variables for
discrimination of patients with and without HALT. Variables
associated with TAVR prosthesis deformation or HALT were
assessed using multivariable regression analysis for all patients
and for the valve type (Expanded Methods).

The clinical end points of this study were time to event of
all-cause mortality, cardiac death, heart failure hospitalization,
myocardial infarction, stroke, transient ischemic attack, bleed-
ing event, and a composite outcome of all-cause death or heart
failure hospitalization at 1-year follow-up. Occurrences of these
events were defined with standard definitions.?” All death events
were confirmed by examination of the Minnesota Department
of Health records. We checked that all the assumptions were
met and used the time-to-event model. Cox proportional hazard
models were used to estimate the association between the risk
of the end points and occurrence of HALT on 30-day postpro-
cedure CT. Values of A<0.05 were considered a priori to be
statistically significant. All analyses were performed using SPSS
version 25 (IBM, Armonk, NY).

RESULTS
Study Cohort

Overall, 601 patients with severe native aortic stenosis
underwent TAVR with a 23-, 26-, or 29-mm balloon-ex-
pandable SAPIEN 3 or a 26-, 29-, or 34-mm self-ex-
panding EVOLUT R/PRO THV device during the study
period. Those with inadequate CT image quality for anal-
ysis (n=36) were excluded, leaving a final study cohort of
565 patients. Patients were elderly, had preserved ejec-
tion fraction, and predominantly had intermediate or low
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surgical risk (Table 1). Overall, the postprocedure CT was
performed at a median of 31 [29, 36] days after TAVR.
Baseline clinical and imaging characteristics were com-
parable between patients with and without HALT, except
for the prevalence of atrial fibrillation and use of antico-
agulant therapy (Table 1, Table S1).

Overall, the incidence of HALT on the 30-day postpro-
cedure CT was 21% (73 of 352 patients) for SAPIEN
3 and 16% (35 of 213 patients) for EVOLUT R/PRO
(SAPIEN 3 versus EVOLUT R/PRO, P=0.21). These inci-
dences were largely comparable for the three SAPIEN 3
sizes (19% for 23 mm; 19% for 26 mm; 25% for 29
mm; £=0.23), and higher in those with smaller valve sizes
for EVOLUT R/PRO prostheses (27% for 26 mm; 17%
for 29 mm; 9% for 34 mm; £=0.02). Overall, 53 (9%)
patients had HALT involving multiple leaflets. All patients
with HALT had evidence of RLM in at least 1 of the
affected leaflets with >25% RLM in 41% of all leaflets
affected with HALT (Table S2). The mean transvalvular
gradient on echocardiography at 30 days was not differ-
ent between patients with and without HALT (SAPIEN
3: 10 [8, 13] mmHg versus 10 [7, 14] mmHg, P=0.75;
EVOLUT R/PRO: 5 [4, 9] mmHg versus 6 [5, 9] mmHg,
P=0.32). There were no patients with severe paravalvular
leakage; 12 patients had moderate paravalvular leakage
at 30 days after TAVR, 3 of whom had HALT.

Implant Geometry of SAPIEN 3 Valves,
Prosthetic Leaflets, and HALT

Nonuniform and underexpansion of the SAPIEN 3 de-
vice (ie, hourglass shape) was common, with a prosthe-
sis deformation index that exceeded 1.05 present in 325
(929%) patients (Table 2). The extent of prosthesis defor-
mation was directly related to occurrence of HALT for all
size of SAPIEN 3 prosthesis (Figure 2A). It is important
that there were no patients with prosthesis deformation
index <1.00, which would indicate the area at the pros-
thesis waist level being larger than at the leaflet inflow or
outflow levels. It is notable that there were 27 patients
with SAPIEN 3 prostheses and with a prosthesis defor-
mation index between 1.00 and 1.05, in whom the inci-
dence of HALT was only 4% (n=1). Also of note, although
deformation was common, eccentricity ranged from 0.3 1
to 0.34 across the levels of SAPIEN 3 with and without
HALT, suggesting only slight degrees of ovality. Prosthe-
sis deformation index and mean transvalvular gradient on
the postprocedural echocardiogram were minimally re-
lated, with Pearson correlation=0.12 (P=0.02).

Greater deformation index in patients with SAPIEN 3
prostheses was related to smaller neosinus volume index
(Figure 3A). Asymmetric prosthetic leaflet expansion and
neosinus volume, but not other volumetric data, canting, or
commissural alignment, were directly related to occurrence
of HALT across all SAPIEN 3 valve sizes (Figure 2B and
2C; Tables S3 and S4). Higher implant depth and lower
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Table 1. Clinical and Procedural Characteristics

TAVR Deformation, HALT, and Outcomes

Variable All patients (n=565) HALT (n=108) No HALT (n=457) P value*
Age (y) 82 (77 to 87) 82 (78 to 87) 81 (76 to 87) 0.10
Male, n (%) 324 (57) 65 (60) 259 (57) 0.51
Body mass index (kg/m?) 29 (25 to 33) 29 (25 to 32) 29 (25 to 33) 0.61
Diabetes, n (%) 167 (30) 24 (22) 143 (31) 0.06
Hypertension, n (%) 486 (86) 92 (85) 394 (86) 0.78
Atrial fibrillation/flutter, n (%) 198 (35) 28 (26) 170 (37) 0.03
Coronary artery disease, n (%) 294 (52) 54 (50) 240 (53) 0.64
Previous myocardial infarction, n (%) 72 (13) 18 (17) 54 (12) 0.17
eGFR (mL/min per 1.73 m?) 65 (53 to 77) 62 (51 to 76) 66 (54 to 77) 0.39
LV ejection fraction (%) 60 (55 to 65) 60 (50 to 65) 60 (55 to 65) 0.23
LV stroke volume index (mL/m?) 37 (30 to 44) 36 (29 to 44) 37 (30 to 44) 0.59
Aortic valve area index (cm?/m?) 0.39 (0.33 t0 0.47) 0.41 (0.35 to 0.47) 0.39 (0.33 t0 0.46) 0.12
Moderate or severe MR, n (%) 103 (18) 17 (16) 86 (19) 0.46
TAPSE (cm) 2.0 (1.6 to 2.4) 2.0 (1.6 t0 2.3) 2.0 (1.6 to 2.4) 0.73
STS-PROM score (%) 3.2 (2.1t0 4.8) 3.3 (2.510 4.5) 3.1 (2.0t0 5.0) 0.37
Baseline CT variables

Area oversizing for SAPIEN 3 (%) 5.0 (-0.4 to 11.6) 75 (0.2t0 11.8) 4.4 (-0.8to0 11.5) 0.13

Bicuspid aortic valve, n (%) 23 (4) 5 (5) 18 (4) 0.74

Aortic valve calcium score (AU) 2430 (1648 to 3273) | 2254 (1571 t0o 3312) | 2435 (1691 to 3273) | 0.73
TAVR procedure

Transfemoral access,t n (%) 538 (95) 104 (96) 434 (95) 0.56

Valve type: SAPIEN 3, n (%) 352 (62) 73 (68) 279 (61) 0.21

EVOLUT R/PRO, n (%) 213 (38) 35 (32) 178 (39)

Predilatation, n (%) 356 (63) 75 (69) 281 (62) 0.12

Postdilatation, n (%) 13 (2) 4 (4) 9(2) 0.28
Medications at discharge

Antiplatelet therapy, n (%) 560 (99) 107 (99) 453 (99) 0.96

Anticoagulant therapy, n (%) 193 (34) 18 (17) 175 (38) <0.001

Values are median with interquartile range unless otherwise specified. AU indicates Agaston units; CT, computed tomography; eGFR, esti-
mated glomerular filtration rate; HALT, hypoattenuating leaflet thickening; LV, left ventricular; MR, mitral regurgitation; STS-PROM, Society of Tho-
racic Surgeons Predicted Risk of Mortality; TAPSE, tricuspid annular plane systolic excursion; and TAVR, transcatheter aortic valve replacement.

*HALT versus no HALT.

tFor nontransfemoral access, 9 transcarotid, 8 subclavian, 8 transaorta, and 2 left axillary approaches were used.

CT-derived left ventricular stroke volume index were asso-
ciated with occurrence of HALT in patients with SAPIEN 3,

The discrimination of the TAVR deformation for HALT
detection was further evident in area under the curve
(AUC) analyses (Figure S3A). In these analyses, the AUC
for prosthesis deformation index was 0.83 with 1.11 as
a threshold; for asymmetric leaflet expansion, the AUC
was 0.77 with 11° as a threshold; for neosinus volume,
the AUC ranged from 0.71 to 0.81 across the 3 different
prosthetic sizes with a threshold of 3.2 mL for 23 mm,
5.0 mL for 26 mm, and 7.1 mL for 29 mm. It is notable
that HALT more often occurred with larger prosthesis
deformation index and asymmetric leaflet expansion, and
smaller neosinus volume (Figure 3A and 3B).

Overall, HALT occurred in 11% (14 of 125) of
patients who were on oral anticoagulation. Of these 14

Circulation. 2022;146:480-493. DOI: 10.1161/CIRCULATIONAHA.121.058339

patients, O patients had an international normalized ratio
of prothrombin time (INR) of 2.0 or higher and also at
least 1 abnormality in TAVR prosthesis deformation with
prosthesis deformation index >1.11, asymmetric leaflet
expansion >11°, or neosinus volume index <1.00.

For the prosthesis deformation index and the neo-
sinus volume, the estimated intrarater reliabilities were
ICC 092 (95% ClI, 0.80-0.97) and 0.95 (95% CI,
0.87-0.98), respectively, suggesting a strong agreement
between measurements for the expert rater.

Implant Geometry of EVOLUT R/PRO Valves,
Prosthetic Leaflets, and HALT

For patients with EVOLUT R/PRO prostheses, eccen-
tric final deployment was common (Table 2). For these
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Table 2. Postprocedural Cardiac Computed Tomography Variables

TAVR Deformation, HALT, and Outcomes

é All patients HALT No HALT P value*
E All patients n=565 n=108 n=457
g Asymmetric leaflet expansion (degree) 10 (6 to 14) 16 (10 to 24) 8 (6to 12) <0.001
g <10° n (%) 277 (49) 24 (22) 253 (55)
g 10°-15° n (%) 168 (30) 26 (24) 142 (31)
S 15°-20° n (%) 63 (11) 23 (21) 40 (9)
>20° n (%) 57 (10) 35 (32) 22 (5)
Implant depth (mm) 4.4 (2.7 to 6.1) 4.8 (3.0 to 6.4) 4.2 (2.7 to 6.0) 0.06
Canting (mm) 2.2 (1.3t03.4) 2.6 (1.3t0 3.9) 2.1 (1.3t03.3) 0.13
Commissure malalignment
Right coronary, n (%) 57 (10) 6 (6) 51 (11) 0.08
Left coronary, n (%) 65 (12) 12 (11) 53(12) 0.89
LV stroke volume index (mL/m?) 46 (39 to 52) 44 (37 to 50) 47 (839 to 52) 0.008
Valsalva thrombus, n (%) 179 (32) 56 (52) 123 (27) 0.04
SAPIEN 3 valve n=352 n=73 n=279
Postimplant oversizing (%) -1.9 (-56.3t01.7) -1.7 (-5.1 t0 2.3) -1.9(-5.3t01.4) 0.43
Expansion (%)
Leaflet outflow 98.8 (96.5 to 101.9) 99.6 (97.0 to 102.2) 98.7 (96.3 to 101.5) 0.47
Prosthesis waist 88.8 (85.9 to 91.7) 875 (84.1 t0 90.7) 89.0 (86.1 to 91.9) 0.01
Leaflet inflow 94.0 (91.4 to 97.4) 94.8 (92.0 to 98.0) 93.8 (91.2 to 97.1) 0.19
Native annulus 90.4 (86.7 to 94.0) 90.0 (86.2 to 93.5) 90.4 (86.8 to 94.2) 0.39
Eccentricity
Leaflet outflow 0.31 (0.28 to 0.36) 0.32 (0.28 to 0.35) 0.31 (0.28 to 0.36) 0.71
O Prosthesis waist 0.34 (0.30 to 0.38) 0.34 (0.29 to 0.38) 0.34 (0.30 to 0.38) 0.58
% Leaflet inflow 0.34 (0.29 to 0.38) 0.34 (0.30 to 0.38) 0.33 (0.28 to 0.38) 0.45
g. Native annulus 0.34 (0.30 to 0.38) 0.32 (0.28 to 0.38) 0.34 (0.30 to 0.39) 0.10
% Prosthesis deformation index 1.09 (1.07 to 1.10) 1.12(1.10to 1.13) 1.08 (1.06 to 1.10) <0.001
i Asymmetric leaflet expansion (degree) 8 (610 12) 14 (10 to 22) 8 (6to 10) <0.001
é Neosinus volume index 1.05 (1.01 to 1.11) 0.99 (0.96 to 1.05) 1.06 (1.02t0 1.12) <0.001
s EVOLUT R/PRO valve =213 n=35 n=178
% Eccentricity
% Frame outflow 0.30 (0.21 to 0.37) 0.31 (0.18 to 0.42) 0.30 (0.22 to 0.37) 0.52
§_ Leaflet outflow 0.26 (0.19 to 0.32) 0.29 (0.20 to 0.38) 0.26 (0.19 to 0.31) 0.05
§ Prosthesis waist 0.32 (0.24 to 0.43) 0.38 (0.32 to 0.44) 0.31 (0.23 to 0.43) 0.008
8? Leaflet inflow 0.46 (0.36 to 0.57) 0.54 (0.49 to 0.61) 0.42 (0.35 to 0.55) <0.001
g Native annulus 0.51 (0.39 to 0.60) 0.55 (0.47 to 0.64) 0.49 (0.37 to 0.59) 0.03
§ Frame inflow 0.52 (0.40 to 0.60) 0.56 (0.47 to 0.65) 0.51 (0.38 to 0.60) 0.06
": Asymmetric leaflet expansion (degree) 10 (6 to 16) 18 (10 to 24) 10 (6 to 14) <0.001
% Neosinus volume index 1.01 (0.98 to 1.04) 0.98 (0.94 to 1.00) 1.01 (0.98 to 1.04) <0.001

Values are median with interquartile range unless otherwise specified. HALT indicates hypoattenuating leaflet thickening; and LV, left ven-

tricular.
*HALT versus no HALT.

patients, occurrence of HALT was related to greater frame
eccentricity at the levels of the prosthesis waist, the leaflet
inflow, and the native annulus. The discrimination for HALT
association was the highest at the level of the leaflet in-
flow, with an AUC 0.69 for a threshold of 0.44 in receiver
operating characteristic analyses (Figure S3B). In analyses
according to prosthesis size, the extent of the eccentricity

at the leaflet inflow was directly related to occurrence of
HALT for 26- and 29-mm EVOLUT R/PRO prostheses
(Figure 2D), but did not reach statistical significance in pa-
tients treated with a 34-mm valve. It is notable that there
was a small number of patients with 34-mm prostheses
who had HALT (n=6) (Table Sb). For all patients with an
EVOLUT R/PRO, eccentricity was related to the degree
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Figure 2. Transcatheter aortic valve replacement prosthesis deformation and hypoattenuated leaflet thickening according to

valve type and size.

In both SAPIEN 3 (A through €) and EVOLUT R/PRO (D and E) valves, a larger degree of prosthesis deformation index (A), eccentricity at
leaflet inflow (D), and asymmetric leaflet expansion (B and E), and a smaller neosinus volume (C and F) were associated with hypoattenuated
leaftlet thickening (HALT) occurrence. The blue or orange horizontal lines within the box correspond to the median. The bottom of the box
indicates the 25th percentile (quartile 1), and the top of the box represents the 75th percentile (quartile 3). The T-bars that extend from the boxes
represent scores outside the middle 50% and the lowest and highest scores. The X in the box corresponds to the mean, and the blue or orange

dots outside of the box and T-bars represent outliers. *A<0.05 for HALT versus no HALT.

lets and smaller neosinus volume were related to the
occurrence of HALT for all valve sizes in patients with
EVOLUT R/PRO, but not to other volumes (Figure 2E
and 2F; Table Sb). Of note, implant depth, canting, com-
missural alignment, and CT-derived left ventricular stroke
volume index were not associated with the occurrence
of HALT in patients with an EVOLUT R/PRO (Table S3).

of asymmetric leaflet expansion (=031, A<0.001), but
not to mean transvalvular gradient on the postprocedural
echocardiogram (=0.01, P=0.85).

A larger eccentricity at the leaflet inflow was associ-
ated with smaller neosinus volume index in patients with
the EVOLUT R/PRO (Figure 3C). Similar to SAPIEN 3
findings, worse asymmetric expansion of prosthetic leaf-

Circulation. 2022;146:480-493. DOI: 10.1161/CIRCULATIONAHA.121.058339 August 9, 2022 487
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Figure 3. Relation of prosthesis frame deformation or asymmetric leaflet expansion to neo-sinus volume.

A larger prosthesis deformation index was associated with smaller neosinus volume index (A). Hypoattenuated leaflet thickening (HALT, orange)
more often occurs to larger degree of prosthesis deformation index and asymmetric leaflet expansion with smaller neosinus volume (B). A larger
eccentricity at the leaflet inflow was associated with smaller neosinus volume index (C). There were no HALT patients with eccentricity <0.44
and neosinus volume index >1.00, and only 1 patient with HALT with smaller asymmetric leaflet expansion and larger neosinus volume (D), but

elevated eccentricity of 0.57.

The AUC for asymmetric leaflet expansion was 0.74
with 15° as a threshold, and for neosinus volume ranged
from 0.72 to 0.75 across the 3 different prosthetic sizes
with a threshold of 4.0 mL for 26 mm, 4.3 mL for 29 mm,
and 4.7 mL for 34 mm. Of note, there were no patients
with HALT when eccentricity was <0.44 and with neo-

488  August 9, 2022

sinus volume index >1.00 (Figure 3C). Moreover, there
was only 1 patient with HALT with a lower asymmetric
leaflet expansion and greater neosinus volume (Fig-
ure 3D), and with elevated eccentricity of 0.57.

Among all patients with an EVOLUT R/PRO, HALT
occurred in 6% (4 of 68) of patients who were on oral

Circulation. 2022;146:480-493. DOI: 10.1161/CIRCULATIONAHA.121.0568339
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anticoagulation. Among these 4 patients, all had an INR
of 2.0 or higher and with at least 2 abnormalities in TAVR
prosthesis deformation, with eccentricity at leaflet inflow
>0.44, asymmetric leaflet expansion >15°, or neosinus
volume index <1.00.

Variables Associated With TAVR Prosthesis
Deformation and HALT

Aortic valve calcium score was related with asymmetric
leaflet expansion and neosinus volume index for the en-
tire cohort, and with eccentricity at leaflet inflow for the
EVOLUT R/PRO cohort (Table S6). Bicuspid aortic valve
and larger canting were related to a greater degree of
asymmetric leaflet expansion, whereas lack of predilata-
tion, higher implant depth, and canting were related with
smaller neosinus volume. There was a relation of larger
prosthesis deformation index in patients with SAPIEN 3
to oversizing, underfilling of deployment balloon, and lack
of use of postdilatation.

In a multivariable model (Tables 3, Table S7), asym-
metric leaflet expansion, neosinus volume, prosthesis
frame deformation (e, prosthesis deformation index for
SAPIEN 3; eccentricity at leaflet inflow for EVOLUT
R/PRO), and lack of anticoagulant therapy were inde-
pendent predictors of HALT occurrence. The relation
of HALT to all indices of TAVR prosthesis deformation
remained unchanged regardless of the use of anticoagu-
lation (Table S8).

Clinical Outcomes

Clinical follow-up at 1 year was completed in all 565 pa-
tients. The mean transvalvular gradient (MG) on echo-
cardiography at 1 year was not different between pa-
tients with and without HALT (the mean gradient, 9 [7,
11] versus 9 [7, 12] mmHg, P=0.72). In 40 patients who
experienced 1-year all-cause mortality, there remains no

TAVR Deformation, HALT, and Outcomes

difference in the mean gradient before mortality between
patients with and without HALT (10 [3, 14] versus 8 [6,
11] mmHg, P=0.95; on echocardiography at median
[interquartile range] days before mortality, 95 [12-210]
days versus 65 [40-189], P=0.88). Patients with HALT
had higher risk of 1-year adverse outcomes, including
all-cause mortality, cardiac death, and a composite out-
come of all-cause death or heart failure hospitalization
than those without HALT (Table 4), in univariable analy-
ses and those that accounted for age, sex, and severe
morbidities. Thrombus in the sinus of Valsalva was pres-
ent in 52% of patients with HALT, and in only 27% of
those without HALT (Table 2). It is notable that 6 of the
9 patients with myocardial infarction in follow-up had the
sinus of Valsalva thrombus, raising the possibility for a
potential mechanism of increase in long-term risk.

DISCUSSION

The present investigation is the first study to prospec-
tively and systematically evaluate TAVR prosthesis de-
formation and the risk of HALT development in patients
treated with contemporary balloon-expandable SAPIEN
3 and self-expanding EVOLUT R/PRO devices. The key
findings are as follows: (1) nonuniform expansion of
prosthesis devices is common after TAVR with relative
underexpansion of the midsegment for SAPIEN 3 valves
and eccentric inflow expansion for EVOLUT R/PRO
valves; (2) the extent of prosthesis frame deformation is
related to smaller neosinus volume and asymmetric leaf-
let expansion; (3) all 3 of these variables (ie, prosthesis
deformation, asymmetric leaflet expansion, smaller neo-
sinus volume) are independent predictors of HALT for
both valve types and across the range of all prosthetic
sizes, with a stronger correlation than what has been
reported for other clinical variables previously associ-
ated with HALT; and (4) HALT that has been prospec-
tively determined at 30 days after TAVR was associated

Table 3. Multivariable Regression Analysis for Predictors of Hypoattenuating Leaflet Thickening

EVOLUT R/PRO

SAPIEN 3 Model 1 Model 2
Variable OR (95% CI) P value OR (95% CI) P value OR (95% CI) P value
Anticoagulant therapy at discharge 0.21 (0.08-0.56) 0.002 0.18 (0.05-0.65) 0.009
Valve size* 0.46 (0.24-0.85) 0.01
Implant depth (per 1 mm) 1.17 (0.99-1.38) 0.07
Canting (per 1 mm) 0.99 (0.76-1.28) 0.91
LV stroke volume index (per 5 mL/m?) 0.65 (0.52-0.82) <0.001
Asymmetric leaflet expansion (per 1°) 1.22 (1.14-1.31) <0.001 1.15 (1.07-1.23) <0.001 1.13 (1.06-1.20) <0.001
Neosinus volume index (per 0.1) 0.23 (0.11-0.46) <0.001 0.31 (0.13-0.75) 0.01 0.32 (0.13-0.76) 0.01
Prosthesis deformation index (per 0.05) 16.0 (6.21-41.2) <0.001
Eccentricity at leaflet inflow (>0.44) 3.74 (1.25-11.1) 0.02 4.23 (1.44-12.5) 0.009

LV indicates left ventricular; and OR, odds ratio.

*Valve size, coding 1 for 26 mm EVOLUT R/PRO; 2 for 29 mm EVOLUT R/PRO; 3 for 34 mm for EVOLUT R/PRO.

Circulation. 2022;146:480-493. DOI: 10.1161/CIRCULATIONAHA.121.058339
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Table 4. One-Year Clinical Outcomes

é All patients HALT No HALT Unadjusted HR Adjusted HR
= Variable (n=565) (n=108) (n=457) (95% CI) Pvalue | (95% CI) P value
g E All-cause death 40 (7%) 16 (15%) 24 (5%) 2.90 (1.54-5.46) 0.001 2.98 (1.57-5.63)* 0.001
.—é' E Cardiac death 18 (3%) 9 (8%) 9 (2%) 4.29 (1.70-10.8) 0.002 458 (1.81-11.6)t 0.001
E HF hospitalization 35 (6%) 10 (9%) 25 (69%) 1.77 (0.85-3.69) 0.13 1.91 (0.91-4.02)* 0.09
E Composite (all cause death + HF hospitalization) 66 (12%) 21 (19%) 45 (10%) 2.08 (1.24-3.49) 0.006 1.94 (1.14-3.30)% 0.02
Myocardial infarction 9 (2%) 6 (69%) 3 (1%) 4.10 (1.02-16.4) <0.05
Stroke/TIA 21 (4%) 8 (7%) 13 (3%) 1.29 (0.54-3.13) 0.57 1.27 (0.50-3.23)t 0.61
Bleeding event 56 (10%) 11 (10%) 45 (10%) 1.07 (0.55-2.07) 0.84 1.08 (0.563-2.00)* 0.92

HALT indicates hypoattenuating leaflet thickening; HF, heart failure; HR, hazard ratio; LV, left ventricular; STS-PROM, Society of Thoracic Surgeons Predicted Risk

220z ‘TT Joqwedaq uo Aq hio'sfeusnofeye;/:dny wouy papeojumoq

of Mortality; and TIA, transit ischemic attack.
*Adjusted by age, sex, and log STS-PROM score.
tAdjusted by log STS-PROM score.

$Adjusted by age, sex, log STS-PROM score, LV ejection fraction at baseline, LV stroke volume index at 30 days after transcatheter aortic valve replacement; and

not performed for myocardial infarction because of the small number of the event.

with a higher risk of 1-year adverse outcomes includ-
ing all-cause mortality, cardiac death, and heart failure
hospitalization. Taken together, these findings might have
implications for the continued expanded use of TAVR, as
well as clinical management that might mitigate the risk
of HALT and its potential clinical sequelae.

Although tissue prostheses predominate as the ther-
apy for patients with significant aortic stenosis, concerns
about hemodynamics and durability remain compared
with the performance of mechanical valves. Previous
reports have raised concerns about the potential for
HALT in TAVR valves, which are now the most commonly
used prostheses for these patients. Certain clinical char-
acteristics have been associated with the occurrence of
HALT, but associations with anatomical characteristics
of implanted TAVR prostheses remain uncertain. Such
insight is needed given that HALT may be associated
with worse transvalvular gradients, device thrombosis,
and prosthesis degeneration, with inferences for the
expanded use of TAVR therapy.5~7

In this study, we hypothesized that anatomical char-
acteristics of prostheses after implantation may be
related to HALT, because of a plausible relation between
deployed configurations and valve performance. We
used high-quality cardiac CT imaging to maximize spa-
tial and temporal resolution, to quantify configurations of
deployed prostheses at multiple levels, including exami-
nations for areas, diameters, eccentricity, implantation
depth, and sizing relative to the native annulus.

In these analyses, we found that relative underex-
pansion of the midsegment and eccentric inflow expan-
sion were common for SAPIEN 3 and EVOLUT R/PRO
prostheses, respectively. Overall, HALT was present in
21% for SAPIEN 3 and 16% for EVOLUT R/PRO at
30 days after TAVR, and the degree of such prosthesis
frame deformation as well as asymmetric leaflet expan-
sion were directly related to occurrence of HALT across
all sizes of SAPIEN 3 and EVOLUT R/PRO prostheses
examined. It is important to note that these observa-

490  August 9, 2022

tions were made in our practice where patients are pro-
spectively evaluated at 30 days with cardiac CT, thereby
helping to minimize selection bias for detection of HALT.
Although patients treated with 20-mm SAPIEN S3 or
23-mm EVOLUT R/PRO prostheses were available,
we did not include them because of the small numbers
treated during the study period (n=6 or 3, respectively).
Although an hourglass configuration of implanted
SAPIEN 3 and an eccentric expansion of implanted EVO-
LUT R/PRO both have been described previously,'®?'28
the relation to asymmetric leaflet expansion and smaller
neosinus volume as well as to HALT is novel. It is known
that deformation of prosthesis frame can lead to adverse
bending and pinwheeling of the leaflets, changes in leaf-
let coaptation, leaflet stress, and alterations in flow.?9-%!
The association of prosthesis deformation and develop-
ment of HALT also was related to a relatively smaller
neosinus. Previous studies with models have shown that
a low-velocity region (ie, flow stagnation) exists at the
basal neosinus.'® Theoretically, deformation with a worse
hourglass-shaped or eccentric configuration could fur-
ther alter or impede flow, or cause disturbed flow, and
consequently increase blood residence time and throm-
bus formation.'"'? Nonphysiological flow after prosthesis
implantation can be associated with increasing levels of
blood damage, ranging from platelet activation to hemo-
lysis.32-3% The deformation of prostheses could change
the entropy of TAVR prosthesis leaflet matrix, resulting
the occurrence of HALT by platelet activation and inflam-
matory infiltrates. For flow in the native sinus, flow stag-
nation might also occur; however, such stagnation might
have different consequences when present near foreign
body elements such as in the neosinus. Although para-
valvular leakage might affect flow disturbance outside
the prosthesis, the small number of patients with signifi-
cant paravalvular leakage in our article would not permit
definitive conclusions. Prosthesis design to minimize the
effect of neosinus flow stagnation and the complex biol-
ogy driving thrombus formation from deformation might
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be important. Certainly these hypotheses need much fur-
ther scrutiny.

It is important that our observations were evident in a
study cohort that included a sizable number of patients
on oral anticoagulation (34% of the entire cohort) in con-
junction with antiplatelet therapy. HALT occurred in 9% of
patients who were on oral anticoagulation, of whom 71%
had an INR of 2.0 or higher but at least 1 abnormality in
TAVR prosthesis deformation (ie, prosthesis frame defor-
mation; asymmetric leaflet expansion; small neosinus
volume). This observation supports the strength of the
association of prosthesis deformation with HALT, which
occurred despite adequate anticoagulation in our study.
In these patients, the treatment options for HALT are lim-
ited, and the long-term implications from the inability to
resolve HALT with medical management, including the
effect on durability, are unknown.

Of importance, imaging substudies also were con-
ducted prospectively as part of the PARTNER trial
(Placement of Aortic Transcatheter Valves) 3 and EVO-
LUT low-risk clinical trials of TAVR. Our study has a larger
study cohort for both prosthesis types than in these trials,
although our HALT incidences at 30 days were slightly
higher for SAPIEN (21% versus 13%) and comparable
for EVOLUT (16% versus 17%). Nevertheless, we did
not consistently see increased gradients in patients with
HALT overall, consistent with the notion that these find-
ings are commonly subclinical. Of note, in this study,
immobile RLM occurred in 17%, and elevated mean aor-
tic valve gradients (>20 mmHg) at 30 days were evident
in 10% in the subset of patients with extensive HALT.
Our study only reports 30-day incidence of HALT, which
had increased at 1-year follow-up in those 2 trials. The
long-term implications of HALT and RLM on prosthesis
function and durability still deserve further study.”

The present investigation also demonstrates an asso-
ciation of HALT, which was prospectively evaluated at
30 days with cardiac CT, with higher risk of 1-year all-
cause and cardiac mortality. Although previous reports,
include 1 from our center, have been less certain of such
associations, the present study is an expansion and was
conducted with analyses for prosthesis deformation and
HALT performed in a CT core laboratory."##337 Differ-
ences in the association with clinical outcomes in our
study might be explained through differences in the
patient population, the large size of our cohort, and the
prospective acquisition of the CT examinations. Never-
theless, our findings for the association of HALT with
clinical outcomes need further validation.

Our findings might have implications for clinical man-
agement that might mitigate the risk of HALT after TAVR
with contemporary SAPIEN 3 and EVOLUT R/PRO
prostheses. The concept of prosthesis frame deformation
is simple, and may be apparent on fluoroscopy immedi-
ately after TAVR implantation (Figure 4). It is important
that such prosthesis frame deformation may not be
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associated with stenosis (ie, elevated mean transvalvular
gradient). Postdilatation might be considered acutely to
address prosthesis deformation, but this consideration
should be weighed against additional procedural risk
(eg, myocardial injury, prosthetic leaflet damage, annu-
lar rupture, etc), and should not be undertaken without
further validation of our findings. This validation is par-
ticularly important with regards to the potential long-term
effects, and not just the binary presence of HALT. We
did note an association of the use of postdilatation with
HALT in our study, which may have occurred from balloon
injury or also underlying prosthesis deformation that was
being addressed by the additional procedure. Without
addressing prosthesis deformation through either design
or postprocedural modifications, pharmacological means
may be considered for prophylaxis or treatment of HALT.
In these situations, future studies of appropriate pharma-
cology are required, especially because the role of anti-
coagulants for its prevention has not been determined.®®

Limitations

First, the present investigation focused on patients with
native aortic stenosis who were treated with SAPIEN 3
and EVOLUT R/PRO prostheses, and implications for
other clinical indications (eg, valve-in-valve) and THV
platforms are unknown. Because of physical constraints,
valve-in-valve therapy might be predisposed to prosthe-
sis deformation and consequences for HALT, but further
study on this topic is required. Second, the noncalcific vol-
ume of the native valves and the volume of fibrotic remod-
eling in the area of the compressed native valve and THV
frame cannot be detected or measured by the current CT
technology. However, the noncalcific volume of the native
valves should be similar among the patients who received
the same THV valve size, and the volume of fibrotic re-
modeling would be expected to be small with the relatively
short follow-up duration of 30 days after THV implantation.
Third, the translation of our findings, which were derived
from CT, to procedural practice, with fluoroscopy or echo-
cardiography as the primary imaging modality, is needed.
Fourth, although use of oral anticoagulation was certain,
dosing (ie, INR goals) and regimens (ie, oral warfarin or
direct oral anticoagulant) were not specified by protocol,
and control comparisons with such antithrombotic therapy
were not available. Last, because oral anticoagulation is
commonly used to treat HALT after its detection, the long-
term effects of untreated HALT cannot be discerned from
our study. Our data cannot be used to evaluate the as-
sociation between prosthesis deformation and the natural
history of HALT or its potential effects.!

CONCLUSIONS

Nonuniform expansion of THV prosthesis with SAPEIN
3 and EVOLUT R/PRO TAVR therapy is common, and
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SAPIEN 3

Deformation index
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Neosinus volume index Asymmetric leaflet expansion
0.89 34°

EVOLUT R/PRO

Eccentricity

Neosinus volume index Asymmetric leaflet expansion
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Figure 4. Transcatheter aortic valve replacement prosthesis deformation on fluoroscopy and computed tomography.
The transcatheter aortic valve replacement frame deformation seen in the fluoroscopy immediately after the procedure is also confirmed in the
postprocedure CT at 30 days in both SAPIEN 3 and EVOLUT R/PRO. HALT, hypoattenuated leaflet thickening.

3 factors of TAVR prosthesis deformation (e, prosthe-
sis frame deformation; asymmetric leaflet expansion;
and neosinus volume) are independently associated with
HALT across a range of commonly used prosthesis type
and sizes, with a stronger relation than that observed
for other clinical variables. TAVR prosthesis deforma-
tion might explain HALT occurrence. If our findings are
validated with future studies, they may have implications
for clinical management and valve design strategies that
might mitigate its risk and potential consequences.
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