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BACKGROUND Subclinical leaflet thrombosis, characterizedbyhypoattenuated leaflet thickening (HALT)and reduced leaflet

motion observed on 4-dimensional computed tomography (CT), may represent a form of bioprosthetic valve dysfunction.

OBJECTIVES The U.S. Food and Drug Administrationmandated CT studies to understand the natural history of this finding,

differences between transcatheter and surgical valves, and its association with valve hemodynamics and clinical outcomes.

METHODS The PARTNER 3 (The Safety and Effectiveness of the SAPIEN 3 Transcatheter Heart Valve in Low-Risk

Patients With Aortic Stenosis) CT substudy randomized 435 patients with low–surgical-risk aortic stenosis to undergo

transcatheter aortic valve replacement (n ¼ 221) or surgery (n ¼ 214). Serial 4-dimensional CTs were performed at

30 days and 1 year and were analyzed independently by a core laboratory.

RESULTS The incidence of HALT increased from 10% at 30 days to 24% at 1 year. Spontaneous resolution of 30-day

HALT occurred in 54% of patients at 1 year, whereas new HALT appeared in 21% of patients at 1 year. HALT was more

frequent in transcatheter versus surgical valves at 30 days (13% vs. 5%; p ¼ 0.03), but not at 1 year (28% vs. 20%;

p ¼ 0.19). The presence of HALT did not significantly affect aortic valve mean gradients at 30 days or 1 year. Patients with

HALT at both 30 days and 1 year, compared with those with no HALT at 30 days and 1 year, had significantly increased

aortic valve gradients at 1 year (17.8 � 2.2 mm Hg vs. 12.7. � 0.3 mm Hg; p ¼ 0.04).

CONCLUSIONS Subclinical leaflet thrombosis was more frequent in transcatheter compared with surgical valves at

30 days, but not at 1 year. The impact of HALT on thromboembolic complications and structural valve

degeneration needs further assessment. (J Am Coll Cardiol 2020;75:3003–15) © 2020 The Authors. Published by

Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBR EV I A T I ON S

AND ACRONYMS

4D = 4-dimensional

AVR = aortic valve

replacement

CI = confidence interval

CT = computed tomography

HALT = hypoattenuated leaflet

thickening

MI = myocardial infarction

RLM = reduced leaflet motion

RR = risk ratio

TAVR = transcatheter aortic

valve replacement

TIA = transient ischemic

attacks
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S ubclinical leaflet thrombosis charac-
terized by hypoattenuated leaflet
thickening (HALT) and reduced leaflet

motion (RLM) seen on high-resolution
4-dimensional (4D) cardiac computed to-
mography (CT) is found with significant fre-
quency both in transcatheter and surgical
bioprosthetic valves (1–9). The clinical signif-
icance of this finding is uncertain, but given
its high prevalence in up to 15% of patients
undergoing transcatheter aortic valve
replacement (TAVR), the U.S. Food and
Drug Administration mandated CT substu-
dies in the pivotal trials designed to expand
the role of TAVR in patients at low surgical
risk. PARTNER 3 (The Safety and Effective-
ness of the SAPIEN 3 Transcatheter Heart
Valve in Low-Risk Patients With Aortic Stenosis)
was a randomized trial that compared the outcomes
of TAVR to surgery in patients who were symptomatic
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on valve hemodynamics and clinical outcomes.
METHODS

STUDY DESIGN AND PARTICIPANTS. The PARTNER 3
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standard surgical AVR in patients at low surgical risk
with symptomatic, severe aortic stenosis. Patients
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is provided in the Supplemental Appendix. The pro-
tocol was approved by the institutional review board
at each site.

Patients were eligible for inclusion in the study if
they met the following criteria: severe aortic stenosis;
low surgical risk as assessed by members of the local
heart team and the trial case review committee,
including no more than a predicted 4% risk of death
by 30 days with surgery; no pre-existing indication
for anticoagulation; and no contraindication to un-
dergoing a CT scan with contrast. Among PARTNER 3
sites, only sites with the ability to perform high-
quality multiphasic, electrocardiogram-gated 4D CT
acquisitions were considered eligible for the study. A
detailed list of inclusion and exclusion criteria is
provided in the Supplemental Appendix. All patients
provided written informed consent.

RANDOMIZATION AND MASKING. Eligible patients
were randomized in a 1:1 ratio to undergo either
TAVR with the SAPIEN 3 system by the transfemoral
approach or surgery with a bioprosthetic valve. Pa-
tients underwent 4D CT at 30 days and 1 year after
TAVR or surgery employing a dedicated multiphasic,
electrocardiogram-gated, CT-acquisition protocol. All
CTs were analyzed by an independent core laboratory
(St. Paul’s Hospital, University of British Columbia,
Vancouver, British Columbia, Canada) blinded to
patient information, with 1-year CTs analyzed inde-
pendently of the 30-day CT findings. The treating in-
vestigators were blinded to the results of the CT scans.
Patients received aspirin (81 mg) and clopidogrel
($300 mg) before TAVR and were advised to continue
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taking these medications (aspirin 81 mg and clopidog-
rel 75 mg) for at least 1 month after the procedure.

CT IMAGING AND EVALUATION. Details of the CT
imaging protocol and image processing are provided
in the Supplemental Appendix. Image data were
reviewed by the core lab using dedicated post-
processing workstations equipped with CVI42 (Circle
Cardiovascular Imaging, Calgary, Alberta, Canada).
Using multiplanar reformats, leaflets were evaluated
for the presence of HALT and RLM (Figure 1). HALT
was defined as visually identified increased leaflet
thickness with typical meniscal appearance on long-
axis views. Extent of leaflet thickening was semi-
quantitatively graded on long-axis views carefully
aligned with the leaflet center regarding involvement
along the curvilinear leaflet beginning at the base,
using a 4-tier grading scale: none; #25%; 26% to 50%;
51% to 75%; >75%. In the event of observed leaflet
thickening, the presence of leaflet restriction
(incomplete opening in systole) was evaluated as
normal leaflet motion, partially restricted
and immobile.
OUTCOMES. The primary objective of the study was
to evaluate the prevalence of HALT and RLM in bio-
prosthetic aortic valves as well as to evaluate differ-
ences in transcatheter and surgical valves with regard
to HALT and RLM. Based on serial CTs obtained at
30 days and 1 year, the study evaluated the natural
history of HALT and RLM in the absence of anti-
coagulation. The study further evaluated the impact
of HALT and RLM on valve hemodynamics and clin-
ical outcomes. The clinical outcomes were
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FIGURE 1 CT Assessment of HALT and RLM
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Computed tomography (CT) imaging was used to assess hypoattenuated leaflet thickening (HALT) and reduced leaflet motion (RLM). (A to C,

F to H, K to M, P to R, U to W) HALT presenting as visually identified increased leaflet thickness with typical meniscal appearance on short-

and long-axis views (red arrows). Extent of leaflet thickening was semiquantitatively graded on long-axis views aligned with the leaflet center

regarding involvement along the curvilinear leaflet beginning at the base, using a 4-tier grading scale: none (A to C); #25% (F to H); 26% to

50% (K to M); 51% to 75% (P to R); and >75% (U to W). In the event of observed leaflet thickening, the presence of leaflet restriction

(incomplete opening in systole) was evaluated as normal leaflet motion (B, C), partially restricted (G, H, L, M, Q, R), and immobile (V, W).

Volume-rendered images demonstrating normal leaflet motion (D, E), partially reduced leaflet motion (I, J, N, O, S, T), and immobile leaflets

(X, Y).
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adjudicated by the clinical events committee ac-
cording to Valve Academic Research Consortium-2
criteria (11). Clinical valve thrombosis was defined as
any thrombus attached to or near an implanted valve
that occludes part of the blood flow path, interferes
with valve function, or is sufficiently large to warrant
treatment. The diagnosis of clinical valve thrombosis
was made in the presence of symptoms attributable to
valve thrombosis and the presence of either elevated
gradients on echocardiogram or the presence of HALT
on CT.
STATISTICAL ANALYSIS. Continuous variables are
presented as mean � SD for baseline variables and
mean � SE for post-procedure variables. Categorical
variables are presented as proportions. The compari-
sons between categorical variables are presented as
risk ratios (RRs) with 95% confidence intervals (CIs).
Continuous variables were compared using Student’s



FIGURE 2 Study Design

435 patients were randomized in the study

221 patients were randomized to TAVR 214 patients were randomized to surgery

195 patients underwent surgery

297 patients did not receive
anticoagulation after index procedure

7 patients received anticoagulation for
valve–related reasons

68 patients received anticoagulation for
non–valve–related reasons

IMPACT OF HALT/RLM ON VALVE
HEMODYNAMICS AND
CLINICAL OUTCOMES

COMPARISON OF TRANSCATHETER VERSUS SURGICAL BIOPROSTHETIC VALVES
284 patients had usable CT at 30 days
 22 out of 165 (13%) TAVR patients had HALT
 6 out of 119 (5%) surgery patients had HALT
262 patients had usable CT at 1 year
 42 out of 153 (28%) TAVR patients had HALT
 22 out of 109 (20%) surgery patients had HALT

NATURAL HISTORY
242 patients had usable CT at both 30 days and 1 year
 14 out of 25 (56%) patients with HALT at 30 days had spontaneous resolution of
 HALT at 1 year
 46 out of 217 (21%) patients with no HALT at 30 days had spontaneous
 appearance of HALT at 1 year

372 patients had usable CT at 30 days and/or 1 year

346 patients had usable CT at 30 days
 184 patients underwent TAVR
 162 patients underwent surgery

312 patients had usable CT at 1 year
 168 patients underwent TAVR
 144 patients underwent surgery

213 patients underwent TAVR

The incidence of HALT, natural history of this finding, and comparison between transcatheter and surgical valves was assessed based on the patients who either did not

receive anticoagulation after the index procedure (n ¼ 297) or received anticoagulation for valve-related clinical events (n ¼ 7). The impact of HALT and RLM on valve

hemodynamics and clinical outcomes was assessed based on all patients with usable CT. TAVR ¼ transcatheter aortic valve replacement; other abbreviations as in

Figure 1.
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t-test. Predictors of HALT and RLM were assessed
using multivariate logistic regression in the as-treated
population for the overall cohort as well as for TAVR
and surgical cohorts separately (see the detailed
methodology in the Supplemental Appendix).
All statistical analyses were performed with the use of
SAS software, version 9.4 (SAS Institute, Cary,
North Carolina).
RESULTS

PATIENTS. The study design is summarized in Figure 2
and Supplemental Figure 1. From April 20, 2016,
through March 16, 2018, a total of 435 patients at
48 sites were randomly assigned to undergo either
TAVR (n ¼ 221) or surgery (n ¼ 214). The median
duration of follow-up is 381.5 days (interquartile

https://doi.org/10.1016/j.jacc.2020.04.043
https://doi.org/10.1016/j.jacc.2020.04.043


CENTRAL ILLUSTRATION Subclinical Leaflet Thrombosis of Transcatheter and Surgical Bioprosthetic Aortic Valves
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Spontaneous appearance of HALT from
30 days to 1 year in 21% of the patients

Spontaneous resolution of HALT from
30 days to 1 year in 56% of the patients

HALT
N = 46 (21%)

1 Year30 Days

Natural history of subclinical leaflet thrombosis

1 Year30 Days

Subclinical leaflet thrombosis was more common in
transcatheter compared to surgical valves at 30 days,

but not at 1 year

Impact of subclinical leaflet thrombosis on valve
hemodynamics and clinical outcomes

Subclinical Leaflet Thrombosis in Transcatheter
Versus Surgical Bioprosthetic Aortic Valves
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•  No difference in aortic valve mean gradients between
 patients with or without HALT at 30 days or 1 year
•  Increased aortic valve gradients in patients with
 increasing severity of HALT; and in patients with
 persistent HALT at 30 days and 1 year
•  Increased rates of clinical valve thrombosis and
 composite endpoint of stroke/transient ischemic
 attack/thromboembolic complications in patients
 with HALT5%
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Subclinical leaflet thrombosis is characterized by hypoattenuated leaflet
thickening (HALT) and reduced leaflet motion (RLM)
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Makkar, R.R. et al. J Am Coll Cardiol. 2020;75(24):3003–15.

Subclinical leaflet thrombosis, characterized by hypoattenuated leaflet thickening (HALT) and reduced leaflet motion (RLM) was a dynamic finding, with spontaneous

resolution and new appearance in a significant proportion of patients, in the absence of anticoagulation. Subclinical leaflet thrombosis was more frequent in

transcatheter versus surgical valves at 30 days, but not at 1 year. Increasing severity and persistence of subclinical leaflet thrombosis was associated with increased

transaortic gradients. TAVR ¼ transcatheter aortic valve replacement.
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FIGURE 3 Natural History of HALT

A B

No HALT
N = 217 No HALT

N = 171 (79%)

HALT
N = 46 (21%)

No HALT
N = 92 (77%)
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N = 27 (23%)No HALT

N = 119 No HALT
N = 79 (81%)

HALT
N = 19 (19%)No HALT

N = 98

1 Year30 Days

HALT
N = 25 No HALT*

N = 14 (56%)

HALT
N = 11 (44%)

30 Days 1 Year

No HALT*
N = 10 (50%)

HALT
N = 10 (50%)HALT

N = 20

30 Days 1 Year

No HALT*
N = 4 (80%)

HALT
N = 1 (20%)HALT

N = 5

C

Natural history of HALT based on patients with usable CTs at both 30 days and 1 year in the overall (A), TAVR (B), and surgery (C) cohorts. *None of the 14 patients

experiencing spontaneous resolution of HALT received anticoagulation between 30-day and 1-year CT. Abbreviations as in Figures 1 and 2.
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range: 370.0 to 446.0 days). The assigned procedure
was performed in 408 patients, of whom 358 patients
and 321 patients underwent a CT scan at 30 days and 1
year after the index procedure, respectively. Patients
with CT scans that were usable for the assessment of
HALT at either 30 days (n ¼ 346) or 1 year (n ¼ 312)
were used for the analyses presented in this study.
The baseline characteristics of patients who did not
have a serial CT at 1 year and those who had a CT scan
at 1 year but were not usable are summarized in
Supplemental Table 1. The distribution of anti-
coagulation use is summarized in Figure 2 and
Supplemental Tables 2 to 6. The incidence of HALT,
natural history of this finding, and comparison be-
tween transcatheter and surgical valves was assessed
based on the patients that either did not receive
anticoagulation after the index procedure (n ¼ 297) or
received anticoagulation for valve-related clinical
events (n ¼ 7). The impact of this finding on valve
hemodynamics and clinical outcomes and the rela-
tionship between HALT and RLM was assessed based
on all patients with usable CT.

INCIDENCE AND NATURAL HISTORY OF HALT. The
incidence of HALT was 10% (28 of 284 patients) at
30 days and increased to 24% (64 of 262 patients) at 1
year. Baseline characteristics of patients with or
without HALT at 30 days are summarized in
Supplemental Table 7. A total of 242 patients with
usable 30-day CT as well as 1-year CT were used to
study the natural history of HALT (Central Illustration,
Figures 2 and 3). Of the 25 patients with HALT at
30 days, spontaneous resolution was observed at 1
year in 14 patients (56%), in the absence of anti-
coagulation. Of the 217 patients without HALT at
30 days, new HALT was observed at 1 year in 46 pa-
tients (21%). Similar trends in natural history were
observed in transcatheter and surgical valves
analyzed separately, as well as in patients with
different severity of HALT.

TRANSCATHETER VERSUS SURGICAL BIOPROSTHETIC

VALVES. The comparison between transcatheter and
surgical bioprosthetic valves is summarized in
Tables 1 and 2 and Supplemental Tables 8 and 9. A
total of 4.7% of patients (10 of 213) after TAVR and
21.0% (41 of 195) after surgery were discharged
on anticoagulation. The incidence of HALT at 30 days
was significantly higher with transcatheter compared
with surgical valves (22 of 165 patients, 13% vs. 6 of
119 patients, 5%; RR: 2.64; 95% CI: 1.11 to 6.32). At 1
year, the incidence of HALT was not significantly
different between transcatheter and surgical valves
(42 of 153 patients, 28% vs. 22 of 109 patients, 20%;
RR: 1.38; 95% CI: 0.87 to 2.18). HALT >50% was more
frequent in transcatheter valves than in surgical
valves at 30 days (10 of 165 patients, 8.5% vs. 1 of 119
patients, 0.8%; RR: 7.21; 95% CI: 0.94 to 55.58), but
not at 1 year (14 of 153 patients, 9.2% vs. 6 of 109
patients, 5.6%; RR: 1.68; 95% CI: 0.67 to 4.25).

HALT AND RLM. RLM was observed in 34 of 34 pa-
tients (100%) with HALT, and normal leaflet motion
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TABLE 1 Baseline Characteristics of Patients Undergoing TAVR and Surgery

TAVR (n ¼ 179) Surgery (n ¼ 125)

Age, yrs 72.6 � 5.8 71.1 � 6.0

Male 127 (70.9) 82 (65.6)

Nonwhite race or ethnic group* 16 (8.9) 22 (17.6)

Body mass index, kg/m2 29.8 � 4.53 30.4 � 4.97

STS-PROM score† 1.8 � 0.7 1.7 � 0.6

NYHA functional class III or IV 12 (6.8) 8 (6.4)

Coronary artery disease 56/179 (31.3) 37/125 (29.6)

Previous CABG 8/178 (4.5) 2/123 (1.6)

Previous stroke or TIA 10/179 (5.6) 7/125 (5.6)

Peripheral vascular disease 7/179 (3.9) 5/125 (4.0)

Diabetes 62/179 (34.6) 34/124 (27.4)

COPD 10/179 (5.6) 5/125 (4.0)

Pulmonary hypertension 8/178 (4.5) 5/125 (4.0)

Creatinine >2 mg/dl‡ 0 (0.0) 0 (0.0)

Frailty (overall; >2/4þ)§ 0 (0.0) 0 (0.0)

Atrial fibrillation 10/179 (5.6) 4/125 (3.2)

Permanent pacemaker 5/179 (2.8) 1/125 (0.8)

Left bundle branch block 5/179 (2.8) 3/125 (2.4)

Right bundle branch block 16/179 (8.9) 9/125 (7.2)

Values are mean � SD, n (%), or n/N (%).The study population includes the patients that either did not receive
anticoagulation after the index procedure (297 patients) or received anticoagulation for valve-related clinical
events (7 patients). *Race or ethnic group was reported by the patient. †The STS-PROM scores range from 0% to
100%, with higher scores indicating a greater risk of death within 30 days after the procedure. STS-PROM uses
an algorithm that is based on the presence of coexisting illnesses to predict 30-day operative mortality. The STS-
PROM score equals the predicted mortality expressed as a percentage. Less than 5% of patients in the popu-
lation on which the STS-PROM algorithm is based had a predicted operative mortality (score) of more than 10%.
‡To convert the values for creatinine to micromoles per liter, multiply by 88.4. §Overall frailty was defined as
the presence of 3 or more of the following criteria: grip strength of <18 kg, 5-m walk-test time of more than 6 s,
serum albumin level of <3.5 g/dl, and Katz Activities of Daily Living total score of 4 or less (with scores ranging
from 0 to 6 and higher scores indicating greater independence in performing activities of daily living).

CABG ¼ coronary artery bypass grafting; COPD ¼ chronic obstructive pulmonary disease; NYHA ¼ New York
Heart Association; STS-PROM ¼ Society of Thoracic Surgery Predicted Risk of Mortality; TAVR ¼ transcatheter
aortic valve replacement; TIA ¼ transient ischemic attack.
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was observed in the 289 of 289 (100%) patients
without HALT at 30 days. There was a similar rela-
tionship between HALT and RLM at 1 year (Table 3).
The natural history of RLM with spontaneous reso-
lution and appearance from 30 days to 1 year was
similar to HALT (Supplemental Figure 2).

HALT AND VALVE HEMODYNAMICS. The valve he-
modynamics are summarized in Table 4 and
Supplemental Figure 3. The mean aortic valve
gradient was not significantly different in patients
with HALT than in those without HALT at 30 days
(13.2 � 0.81 mm Hg vs. 11.7 � 0.24 mm Hg; p ¼ 0.08) or
1 year (13.7 � 0.82 mm Hg vs. 12.6 � 0.28 mm Hg;
p ¼ 0.24). At 1 year, there was a trend toward higher
mean aortic valve gradients with greater degrees of
HALT: HALT >25% versus #25% (15.1 � 1.31 mm Hg vs.
12.6 � 0.26 mm Hg; p ¼ 0.07) and HALT >50%
versus#50% (16.4� 2.05mmHg vs. 12.6�0.26mmHg;
p ¼ 0.08). Because HALT is a dynamic finding and
spontaneously resolved and appeared in a significant
proportion of patients, we compared valve hemody-
namics in patients with HALT present at both 30 days
and 1 year versus those with no HALT at either
30 days or 1 year. The mean aortic valve gradients
were significantly higher in patients with HALT at
both 30 days and 1 year, compared with those who
had no HALT at either 30 days or 1 year (17.8 � 2.2 vs.
12.7 � 0.3; p ¼ 0.04). The baseline ejection fraction,
velocity time integral ratio (left ventricular outflow
tract velocity time integral–aortic valve velocity
time integral) and frequency of central aortic regur-
gitation was similar in patients with or without
HALT (Supplemental Table 10) or RLM
(Supplemental Table 11).

HALT AND CLINICAL OUTCOMES. The clinical out-
comes are summarized in Table 5 and Supplemental
Tables 12 to 16. The event rates at 1 year were low in
the study cohort, with a total of 4 deaths, 2 strokes, 4
transient ischemic attacks (TIAs), 2 thromboembolic
events (retinal artery occlusion), and 4 cases of clin-
ical valve thrombosis in the entire cohort from day 7
to 1 year after index procedure. The individual end-
points of death, stroke, myocardial infarction (MI),
TIA, or thromboembolic complications were not
different between HALT and no HALT groups. At
30 days, the pooled rates of stroke, TIA, and throm-
boembolic complications (8.6% vs. 1.6%; RR: 5.3;
95% CI: 1.3 to 21.4); death, stroke, TIA, and throm-
boembolic complications (8.6% vs. 2.9%; RR: 3.0;
95% CI: 0.8 to 10.4), and incidence of clinical valve
thrombosis (3 of 35, 8.6% vs. 1 of 311, 0.3%; RR: 26.7;
95% CI: 2.8 to 249.4) were higher in patients with
HALT, than in patients with no HALT. Because HALT
is a dynamic finding appearing and resolving in a
significant proportion of patients, we further
compared outcomes between patients with HALT at
any time point (either at 30 days or at 1 year) versus
those with no HALT at any time point (neither at
30 days nor at 1 year). Similar associations with clin-
ical outcomes were noted when comparing outcomes
between patients with HALT at any time point versus
those with no HALT at any time point. There was no
significant difference in quality of life as assessed by
the Kansas City Cardiomyopathy Questionnaire
(Supplemental Figure 4) or New York Heart Associa-
tion functional class (Supplemental Figure 5) in pa-
tients with or without HALT.

PREDICTORS OF HALT AND RLM. The predictors of
HALT and RLM are mentioned in Supplemental
Table 17. TAVR (vs. surgery) was a significant pre-
dictor of HALT (estimate: 1.40 � 0.55; p ¼ 0.0114) and
RLM (estimate: 1.32 � 0.57; p ¼ 0.0204) at 30 days, but
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TABLE 2 Incidence and Severity of HALT in Transcatheter and Surgical Bioprosthetic Valves

30 Days 1 Year

TAVR (n ¼ 165) Surgery (n ¼ 119) RR (95% CI) p Value* TAVR (n ¼ 153) Surgery (n ¼ 109) RR (95% CI) p Value*

HALT 22/165 (13) 6/119 (5) 2.64 (1.11–6.32) 0.03 42/153 (28) 22/109 (20) 1.38 (0.87–2.18) 0.19

1 leaflet 18 4 27 15

2 leaflets 2 2 10 7

3 leaflets 2 0 5 0

HALT, 26% to 50% 14/165 (8.5) 4/119 (3.4) 2.52 (0.85–7.48) 0.09 23/153 (15.0) 10/109 (9.2) 1.66 (0.82–3.35) 0.19

1 leaflet 11 5 16 6

2 leaflets 3 0 6 4

3 leaflets 0 0 1 0

HALT, >50% 10/165 (6.1) 1/119 (0.8) 7.21 (0.94–55.58) 0.03 14/153 (9.2) 6/109 (5.6) 1.68 (0.67–4.25) 0.35

1 leaflet 9 1 10 6

2 leaflets 1 0 3 0

3 leaflets 0 0 1 0

Values are n/N (%) or n, unless otherwise indicated. *The p values were calculated using Fisher exact test.

CI ¼ confidence interval; RR ¼ risk ratio; other abbreviations as in Table 1.

TABLE 3 Association Between HALT and RLM

Normal Leaflet Motion Partially Restricted Immobile

Leaflet Motion at 30 Days

HALT at 30 days

None 288 0 0

#25% 0 11 0

26% to 50% 0 8 0

51% to 75% 0 12 1

>75% 0 1 1

Leaflet Motion at 1 Year

HALT at 1 yr

None 228 0 0

#25% 0 31 0

26% to 50% 0 17 0

51% to 75% 0 13 0

>75% 0 3 6

Values are n.

HALT ¼ hypoattenuated leaflet thickening; RLM¼ reduced leaflet motion.
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not at 1 year. No significant baseline predictors were
noted for HALT at 1 year. The percentage of oversiz-
ing, calculated as (area based on valve size – annular
area from CT)/(annular area from CT), was a signifi-
cant predictor of RLM at 1 year. For the TAVR sub-
group, diabetes was negatively associated with HALT
at 30 days (estimate: �1.16; p ¼ 0.04). No other re-
lationships were found between the predictors and
HALT or RLM at 30 days or 1 year for TAVR or surgi-
cal subgroups.

DISCUSSION

The main findings of our study can be summarized as
follows. First, the prevalence of subclinical leaflet
thrombosis characterized by hypoattenuated leaflet
thickening with reduced leaflet motion (HALT/RLM)
on 4D CT was 10% at 30 days after transcatheter or
surgical bioprosthetic valve replacement and further
increased to 24% on serial CTs at 1 year. Second, this
finding was dynamic and despite spontaneous reso-
lution in one-half of the cases by 1 year, the new
development in 20% of patients who had no HALT/
RLM at 30 days increased the overall frequency to 1 of
4 patients at 1 year. Third, this finding was more
frequent in transcatheter than in surgical valves at
30 days, but the differences were not significant at 1
year. Fourth, in most patients, this finding led to
minimal increase in aortic valve gradients. Fifth, we
did not see any significant association of this finding
with the individual endpoints of death, MI, or stroke,
but we did see an association with increased pooled
thromboembolic event rates of stroke, TIA, and
retinal artery occlusion.
The main significance of HALT/RLM is that it rep-
resents a mild form of valve dysfunction seen on
imaging and is related to thrombus, a potentially
reversible etiology. Since the initial reports, several
questions have been raised regarding the true inci-
dence, natural history, clinical impact, and differ-
ences between transcatheter and surgical valves (12).
A recent study has suggested a link between
thrombus and early calcification and degeneration of
the valve leaflets (13). HALT/RLM also represents a
potential mechanism of bioprosthetic valve degener-
ation and provides a possible target for intervention
to favorably affect bioprosthetic valve durability
(14,15).



TABLE 4 Impact of HALT on Valve Hemodynamics

n Gradient p Value*

30-Day Echo

30-day CT

HALT 35 13.2 � 0.81 0.08

No HALT 310 11.7 � 0.24

HALT >25% 24 13.8 � 1.11 0.08

HALT #25% 321 11.7 � 0.23

HALT >50% 15 14.6 � 1.57 0.08

HALT #50% 330 11.7 � 0.23

HALT at 30 days and 1 yr 11 15.7 � 1.9 0.09

No HALT at 30 days and 1 yr 171 12.0 � 0.3

1-Year Echo

1-yr CT

HALT 72 13.7 � 0.82 0.24

No HALT 232 12.6 � 0.28

HALT >25% 40 15.1 � 1.31 0.07

HALT #25% 264 12.6 � 0.26

HALT >50% 22 16.4 � 2.05 0.08

HALT #50% 282 12.6 � 0.26

HALT at 30 days and 1 yr 11 17.8 � 2.2 0.04

No HALT at 30 days and 1 yr 166 12.7 � 0.3

Values are n or mean � SD. *The p values are derived using Student’s t-test.

CT ¼ computed tomography; HALT ¼ hypoattenuated leaflet thickening.
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Previously reported studies on subclinical leaflet
thrombosis were observational, with heterogeneous
high-risk patient populations, multiple transcatheter
and surgical valve types, and with variable timing of
CTs (1,2). There are several unique methodologic
strengths of the current study. This is the first ran-
domized comparison between transcatheter and sur-
gical bioprosthetic valves of the prevalence of
subclinical leaflet thrombosis. Second, serial 30-day,
and 1-year CTs were read by a blinded core laboratory,
with analysis of the 1-year CTs blinded to findings at
30 days. Third, the treating physicians were blinded
to CT findings to minimize anticoagulation treatment
without sufficient clinical reasons, which would have
altered the natural history. Fourth, the randomiza-
tion of low-risk patients with fewer and comparable
comorbidities between TAVR or surgery provides true
differences between transcatheter versus surgical
bioprosthetic valves.

The possible sequelae of subclinical leaflet throm-
bosis include central and systemic thromboembolism,
progression to valve stenosis, and negative impact on
long-term valve durability. The number of clinical
events in this low-risk cohort with limited comor-
bidities was low and the study was not sufficiently
powered to discern differences in clinical outcomes.
We did not see an association among death, stroke,
MI, and subclinical leaflet thrombosis. The pooled
event rates of stroke, TIAs, and thromboembolic
events were higher in patients with subclinical leaflet
thrombosis. These findings are consistent with the
previous observations from nonrandomized registries
(1). However, given that total number of events was
low, these findings need to be verified with longer
follow-up and in larger cohorts of patients.

The differences in the frequency of valve-leaflet
thickening and RLM between transcatheter and sur-
gical valves are of great interest given the unknown
long-term durability of transcatheter valves. Possible
explanations for differences between transcatheter
and surgical valves may include traumatic injury to
the pericardial leaflets during valve crimping and
barotrauma during deployment, differences in flow
dynamics following aortic valve resection during
surgery compared with leaving native aortic valve
cusps in situ during TAVR, and asymmetric expansion
and/or overexpansion or underexpansion of the
transcatheter heart valves compared with a more
circular geometry of the surgical valves (16–18). The
differences in HALT between the surgical and trans-
catheter heart valves were not attributed to the
higher rates of anticoagulation in the surgical cohort
because we excluded the patients on anticoagulation
for this analysis. Whereas this finding continued to be
more prevalent in transcatheter valves at 1 year, the
late differences were not statistically significant.
Whether the early differences in HALT/RLM will
affect valve durability remains unknown and will be
addressed with long-term 10-year follow-up in this
study.

The natural history of subclinical leaflet throm-
bosis derived from serial CTs in absence of anti-
coagulation was characterized by spontaneous
resolution (50%), new appearance (20%), and
increased frequency with time (24% at 1 year). These
findings are novel and provide a perspective on the
dynamic nature of this phenomenon and the chal-
lenges it may pose in the diagnosis, treatment, and
design of clinical trials to study this phenomenon.
From a practical viewpoint, these findings question
the utility of routine CT scanning at a single early
time point. Instead, clinical event–driven CT imaging
for the detection of HALT/RLM would be more
prudent.

Greater degrees of HALT (>50%) or HALT on both
30-day and 1-year CTs (Table 4) were associated with
a 4– to 5–mm Hg increase in aortic gradients, which
may be clinically relevant. It remains to be seen
whether these small increases observed at 1 year will
amplify over time to cause structural valve



TABLE 5 Impact of HALT at 30 Days on Clinical Outcomes

Days 7–365 Days 7–30 Days 31–365

HALTþ
(n ¼ 35)

HALT�
(n ¼ 311)

RR
(95% CI)

HALTþ
(n ¼ 35)

HALT�
(n ¼ 311)

RR
(95% CI)

HALTþ
(n ¼ 35)

HALT�
(n ¼ 311)

RR
(95% CI)

Death 0 4 NA 0 0 NA 0 4 NA

Heart failure 0 7 NA 0 1 NA 0 6 NA

Angina 0 9 NA 0 0 NA 0 9 NA

Myocardial infarction 0 3 NA 0 0 NA 0 3 NA

Clinical valve thrombosis* 3 1 26.7 (2.8–249.4) 0 0 NA 3 1 26.7 (2.8–249.4)

Stroke 1 1 8.9 (0.6–139.0) 1 0 NA 0 1 NA

TIA 1 3 3.0 (0.3–27.7) 0 1 NA 1 2 4.4 (0.4–47.8)

Retinal artery embolism 1 1 8.9 (0.6–139.0) 0 0 NA 1 1 8.9 (0.6–139.0)

Death, stroke, and
myocardial infarction

1 8 1.1 (0.1–8.6) 1 0 NA 0 8 NA

Stroke and TIA 2 4 4.4 (0.8–23.4) 1 1 8.9 (0.6–139.0) 1 3 3.0 (0.3–27.7)

Stroke, TIA, and
retinal artery embolism

3 5 5.3 (1.3–21.4) 1 1 8.9 (0.6–139.0) 2 4 4.4 (0.8–23.4)

Death, stroke, TIA, and
retinal artery embolism

3 9 3.0 (0.8–10.4) 1 1 8.9 (0.6–139.0) 2 8 2.2 (0.5–10.1)

Values are n unless otherwise indicated. *Clinical valve thrombosis was defined as any thrombus attached to or near an implanted valve that occludes part of the blood flow path, interferes with valve
function, or is sufficiently large to warrant treatment.

HALTþ ¼ hypoattenuated leaflet thickening–positive; HALT� ¼ hypoattenuated leaflet thickening–negative; NA ¼ not available; other abbreviations as in Tables 1 and 2.
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degeneration. Clinically significant valve thrombosis
occurred in 2% of the transcatheter valves. Whereas
there was a significant association of HALT with
clinical valve thrombosis, 90% of patients with HALT
at 30 days did not progress to clinical valve throm-
bosis during 1-year follow-up. The question of
optimal antithrombotic therapy is best answered by
dedicated clinical trials that evaluate both risk and
benefits of anticoagulation after bioprosthetic valve
replacement (19,20). In the recently published GALI-
LEO (Global Study Comparing a Rivaroxaban-based
Antithrombotic Strategy to an Antiplatelet Strategy
After Transcatheter Aortic Valve Replacement to
Optimize Clinical Outcomes) trial (21), in patients
without an established indication for oral anti-
coagulation after successful TAVR, an anticoagulation
treatment strategy with rivaroxaban at a dose of
10 mg daily combined with antiplatelet therapy was
associated with a higher risk of death or thrombo-
embolic complications and a higher risk of bleeding
than an antiplatelet-based strategy. The lack of a
clinical benefit of rivaroxaban was observed despite
evidence from the 4D CT substudy of the GALILEO
trial that rivaroxaban, compared with antiplatelet
therapy, was associated with a lower incidence of
subclinical valve leaflet thickening and RLM (21,22).
The fundamental difference between the GALILEO 4D
CT substudy compared with our study was that the
GALILEO 4D CT substudy evaluated the impact of
routine anticoagulation after TAVR on subclinical
leaflet thrombosis in patients at high surgical risk. On
the contrary, our study evaluated the natural history
of subclinical leaflet thrombosis in patients under-
going either TAVR or surgery who were at low surgi-
cal risk, by performing serial CTs at 30 days and 1 year
after AVR. Patients with planned use of anti-
coagulation were excluded in this trial to study the
natural history of subclinical leaflet thrombosis. The
average age of the patients in the GALILEO trial was
81 years with a significant prevalence of frailty and
higher risks of bleeding, which may have resulted in
the suboptimal risk-benefit ratio. Recently, TAVR use
has been extended to younger and low-risk patients
based on 2 low-risk clinical trials (10,23). Given the
high frequency (1 in 4 patients) of subclinical valve
leaflet thickening and RLM in our study in relatively
younger patients and a possible connection of this
finding with increased thromboembolic events, a
strong argument can be made for additional clinical
trials in the younger, healthier patients where the
risk-benefit ratio for anticoagulation may be more
favorable and valve durability is even more relevant.
This argument holds true not only for TAVR, but for
all bioprosthetic valves—transcatheter or surgical.

STUDY LIMITATIONS. First, the patients were fol-
lowed up only to 1 year; longer follow-up data for up
to 10 years are planned and needed to assess the full
impact of this finding particularly on valve function
and structural valve degeneration. Second, the study



PERSPECTIVES

COMPETENCY IN PATIENT CARE AND

PROCEDURAL SKILLS: Subclinical aortic valve

leaflet thrombosis, characterized by thickening and

reduced motion, is apparent in 1 of 4 patients with

bioprosthetic valves 1 year after implantation. The

finding is more frequent after transcatheter than

surgical bioprosthetic valve replacement at 30 days,

but this difference diminishes at 1 year. Spontaneous

resolution occurs in one-half of cases.

TRANSLATIONAL OUTLOOK: Further studies are

needed to determine whether interventions that pre-

vent or accelerate the resolution of subclinical leaflet

thrombosis could reduce valve degeneration and

lower the risk of thromboembolic events.
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was not powered to assess the impact on clinical
outcomes or predictors of HALT or RLM. Third, our
study does not address the issue of routine anti-
coagulation after bioprosthetic AVR or optimal
antithrombotic therapy for the treatment of subclin-
ical leaflet thrombosis in bioprosthetic valves.

CONCLUSIONS

Subclinical valve-leaflet thrombosis, characterized
by leaflet thickening and RLM occurred in 1 of 4
patients with bioprosthetic valves on 1-year CT. The
natural history was characterized by spontaneous
resolution in one-half of the patients, new appear-
ance in 4� as many patients and hence increased
frequency on follow-up CT. This finding occurred
more frequently in transcatheter compared with
surgical bioprosthetic valves at 30 days but the dif-
ferences were diminished at 1 year. Whereas there
was no association with death, stroke, and MI, the
pooled thromboembolic events were higher in pa-
tients with subclinical leaflet thrombosis. The
impact on structural valve degeneration and
thromboembolic events needs to be assessed in
larger studies with long-term follow-up. This phe-
nomenon may represent a potential therapeutic
target to affect durability of transcatheter and sur-
gical bioprosthetic valves.
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