
Advances in cardiac computed tomography angiography
and characterization of cardiac disease
Kuneman, J.H.

Citation
Kuneman, J. H. (2024, December 12). Advances in cardiac computed
tomography angiography and characterization of cardiac disease. Retrieved
from https://hdl.handle.net/1887/4172200
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/4172200
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/4172200


CHAPTER 7 
Subclinical leaflet thrombosis after  
transcatheter aortic valve implantation:  
no association with left ventricular  
reverse remodeling at 1-year follow-up

Kuneman JH
Singh GK
Hansson NC
Fusini L
Poulsen SH
Fortuni F
Vollema EM
Pedersen ALD 
Annoni AD
Norgaard BL
Pontone G
Ajmone Marsan N
Delgado V
Bax JJ
Knuuti J. 

Int J Cardiovasc Imaging. 2022;38:695-705.



118

Part II | Chapter 7

ABSTRACT

BACKGROUND: Hypo-attenuated leaflet thickening (HALT) of transcatheter aortic valves 
is detected on multidetector computed tomography (MDCT) and reflects leaflet throm
bosis. Whether HALT affects left ventricular (LV) reverse remodeling, a favorable effect of 
LV afterload reduction after transcatheter aortic valve implantation (TAVI) is unknown. 
The aim of this study was to examine the association of HALT after TAVI with LV reverse 
remodeling.

METHODS: In this multicenter case-control study, patients with HALT on MDCT were 
identified, and patients without HALT were propensity matched for valve type and size, 
LV ejection fraction (LVEF), sex, age and time of scan. LV dimensions and function were 
assessed by transthoracic echocardiography before and 12 months after TAVI. Clinical 
outcomes (stroke or transient ischemic attack, heart failure hospitalization, new-onset 
atrial fibrillation, all-cause mortality) were recorded.

RESULTS: 106 patients (age 81±7 years, 55% male) with MDCT performed 37 days [IQR 
32-52] after TAVI were analyzed (53 patients with HALT and 53 matched controls). 
Before TAVI, all echocardiographic parameters were similar between the groups. At 12 
months follow-up, patients with and without HALT showed a significant reduction in 
LV end-diastolic volume, LV end-systolic volume and LV mass index (from 125±37 g/m2 
to 105±46 g/m2, p=0.001 and from 127±35 g/m2 to 101±27 g/m2, p<0.001, respectively, p 
for interaction=0.48). Moreover, LVEF improved significantly in both groups. In addition, 
clinical outcomes were not statistically different.

CONCLUSION: Improvement in LVEF and LV reverse remodeling at 12 months after TAVI 
were not limited by HALT. 
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INTRODUCTION 

Pressure overload of the left ventricle (LV) caused by severe aortic valve stenosis com-
monly leads to LV remodeling and LV hypertrophy1,2. If left untreated, this is associated 
with a significantly increased risk of morbidity and mortality3,4. Aortic valve replacement 
provides direct relief of the LV outflow obstruction. Subsequently, the myocardium may 
undergo a favorable process of LV reverse remodeling with reduction in LV volumes, 
regression of LV mass and improvement in function5-8. LV mass regression after aortic 
valve replacement has been associated with improved survival9,10. Moreover, data from 
the Placement of Aortic Transcatheter Valves (PARTNER) trial demonstrated that greater 
LV mass regression after transcatheter aortic valve implantation (TAVI) was associated 
with reduced heart failure related hospitalizations during 1 year follow-up11.

Hypo-attenuated leaflet thickening (HALT) of transcatheter aortic valves can be 
observed on multidetector row computed tomography (MDCT) and is considered as an 
early marker of leaflet thrombosis12-17. The incidence of HALT varies between 4% and 
40%12-15,18-21. Additionally, previous data suggested that valve thrombosis is considered to 
have a significant impact on hemodynamic prosthetic valve deterioration22, which has 
been linked with less LV reverse remodeling after aortic valve replacement23. However, 
whether HALT affects LV reverse remodeling after TAVI is unknown. Accordingly, the 
potential relation between HALT, prosthetic valve gradients and LV reverse remodeling 
was evaluated, as well as the relation between HALT and clinical events after TAVI. 

METHODS

Patient population 

In this multicenter retrospective case-control study, patients who underwent MDCT after 
TAVI between 2007 and 2019 were evaluated. The study was conducted at three sites: 
Leiden University Medical Center, Leiden, the Netherlands; Aarhus University Hospital, 
Aarhus, Denmark and Centro Cardiologico Monzino IRCCS, Milan, Italy. All patients had 
undergone a post-procedural contrast enhanced MDCT scan, 1-3 months after TAVI as per 
institution protocol to assess prosthetic valve positioning and deployment (in Leiden and 
Aarhus) or as clinically indicated (Milan). Patients with HALT of the transcatheter heart 
valve evaluated by MDCT were identified. Thereafter, using propensity score matching, 
patients without HALT were identified and further matched to the patients with HALT 
according to valve type and size, baseline LV ejection fraction (LVEF), sex, age and time 
of CT scan. Demographic and clinical data were obtained from electronic patient files. 
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This retrospective analysis complies with the Declaration of Helsinki and was approved 
by the institutional review board which waived the need for written informed consent. 

Transcatheter aortic valve procedure

Eligibility and feasibility of TAVI as well as decision-making on the access route and 
valve type were at the discretion of the local heart teams. Selection of transcatheter 
heart valve size was based on MDCT measurements of the aortic annulus, as previously 
described13,24. The TAVI procedure was performed according to standard practice25. 
Balloon- and self-expandable valves were used: Edwards SAPIEN, SAPIEN XT, SAPIEN 3  
(Edwards Lifesciences, Irvine, CA, USA), Medtronic CoreValve Evolut (Medtronic, MN, 
Minnesota, USA) and Boston Scientific Lotus Edge (Boston Scientific, Natick, Massa
chusetts, USA). After TAVI, all patients received dual antiplatelet therapy for 3 to 12 months 
and thereafter lifelong monotherapy with aspirin or clopidogrel. If oral anticoagulants 
were indicated, the decision for additional treatment with antiplatelet therapy was left 
at the discretion of the treating cardiologist taking into consideration the bleeding risks.

Echocardiographic follow-up 

Transthoracic echocardiographic examinations were performed before TAVI, immediately 
post-TAVI (pre-discharge) and at 12 months follow-up. LV function and dimensions 
(LV end-diastolic diameter, intraventricular septum thickness and LV posterior wall 
thickness) were assessed before and 12 months after TAVI. Prosthetic valve hemodynamics 
(valve area, transvalvular gradient) were assessed immediately after TAVI and at 12 
months follow-up. All echocardiographic examinations were acquired by experienced 
echocardiographers using Vivid-7, Vivid E9 (General Electric Vingmed, Horten, Norway), 
iE33 or EPIQ (Philips Medical Systems, Best, the Netherlands) ultrasound systems. 
Prosthetic valve hemodynamics as well as LV function and dimensions were reported 
according to current guidelines26,27. Peak and mean transvalvular gradients were 
calculated from continuous wave Doppler recordings of the apical 3- or 5-chamber views 
according to Bernoulli equation. Prosthetic aortic valve area (AVA) was calculated using 
the continuity equation. LV volumes (end-diastolic and end-systolic) were assessed 
using planimetry based on apical 2- and 4-chamber views and were indexed to body 
surface area. LVEF was estimated using Simpson’s biplane method. LV dimensions were 
obtained in the parasternal long-axis view at end-diastole26. LV mass was calculated 
using the Devereux formula and was indexed to body surface area26.
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MDCT image acquisition and analysis

Post-procedural contrast enhanced MDCT scans were performed using a 64-row (Aquilion 
64, Toshiba Medical Systems, Tochigi-ken, Japan), 256-row (Revolution CT, GE Healthcare, 
Chicago, IL, USA), 320-row (AquilionOne; Toshiba Medical Systems) or second-generation 
dual-source (Siemens Somatom Definition Flash, Siemens Healthcare, Erlangen, 
Germany) computed tomography scanners depending local equipment. Methods for 
image acquisition have been reported previously13,15,28. Image analysis was performed 
using dedicated software (Vitrea FX 6.5; Vital Images, Minnetonka, MN, USA; ADW 4.7, 
GE Healthcare or Multimodality Workplace, Siemens Healthcare). Post-TAVI MDCT scans 
were used to assess the presence of HALT. HALT was defined as a hypo-attenuated 
abnormality attached to the valve affecting one or more leaflets and was assessed by 
2-dimensional multiplanar reformation planes (Figure 1), as described previously13,15,24.

FIGURE 1. Multiplanar reconstructions of transcatheter aortic valves on multidetector 
row computed tomography with HALT (white arrows, upper panel) and without HALT 
(lower panel).
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Endpoints 

The echocardiographic endpoints included a) abnormal valve hemodynamics indicating 
significant stenosis defined as a mean gradient of the prosthetic valve ≥20 mmHg and 
a valve area of ≤1.1 cm 2,27, b) decrease in LVEF ≥5%, c) no reduction in LV volumes or d) 
no reduction in LV mass. LV reverse remodeling was defined as a reduction in LV end-
diastolic volume, LV end-systolic volume or regression in LV mass at 12 months after 
TAVI compared to baseline. In addition, clinical outcomes included the occurrence of 
stroke or transient ischemic attack (TIA), heart failure hospitalization, new-onset atrial 
fibrillation and all-cause mortality during the follow-up.

Statistical analysis

Distribution of continuous variables was evaluated using histograms and Q-Q plots. 
Continuous variables following a normal distribution are presented as mean ± standard 
deviation (SD) and were compared using the independent Student t-test. Non-normally 
distributed variables are presented as median with 25%-75% interquartile range (IQR) 
and were compared using the Mann-Whitney U test. Categorical variables are presented 
as absolute values and percentages and were compared using χ2 test or Fisher’s exact 
test as appropriate. General linear models were used to evaluate changes in LV volumes 
and mass as well as LVEF and prosthetic valve hemodynamics between patients with 
versus without HALT over time. The Greenhouse-Geisser correction was used if the 
sphericity assumption was violated. Additional analyses were performed to correct for 
the potential confounding effect of age, sex, hypertension, diabetes, coronary artery 
disease, previous myocardial infarction and pre-TAVI LVEF on LV reverse remodeling, as 
well as for oral anticoagulation treatment on HALT, and were used as covariates in the 
general linear models. Kaplan-Meier curves were generated to estimate the cumulative 
survival rates of clinical outcomes and the log-rank test was used to compare differences 
between patients with versus without HALT. Twenty random individuals were selected for 
the evaluation of intra- and inter-observer variability for the presence of HALT and were 
performed using Cohen’s κ test. A strong agreement was defined by a Cohen’s κ >0.80. A 
two-sided p-value <0.05 was considered significant. Data analysis was performed with 
SPSS version 25.0 (IBM SPSS Statistics, IBM Corporation, Armonk, New York, USA).
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RESULTS

Patients and procedural characteristics

A total of 106 patients (mean age 81±7 years, 55% male) were included in this analysis, 
comprising 53 patients with HALT and 53 matched controls. MDCT was performed 37 days 
(IQR 32-76) after TAVI. The intra- and inter-observer variability for the presence of HALT 
demonstrated a strong agreement (Cohen’s κ = 0.92 for both). Patient characteristics 
of the total population and comparison between patients with and without HALT are 
summarized in Table 1. Patients with HALT had more frequently history of stroke or TIA 
before TAVI (p=0.038). Other clinical baseline characteristics were similar between the 
groups. Overall, oral anticoagulation was used in 29% of patients and oral anticoagulation 
plus antiplatelet therapy in 15% of patients. Interestingly, the antithrombotic regimen 
did not differ between patients with and without HALT before TAVI.

Baseline echocardiographic characteristics are summarized in Table 2. The mean 
LVEF was 52±12% before TAVI and the mean LV mass index was 126±36 g/m2 in the overall 
population. All baseline echocardiographic parameters were comparable between patients 
with and without HALT. Bicuspid aortic valves were present in 5% of the population. 

The majority of the TAVI procedures were performed in native aortic valves but 
in 7 patients (7%) a valve-in-valve procedure was performed. Procedure access was 
transfemoral in 85 patients (80%), transapical in 20 patients (19%) and transaortic access 
in one patient. The majority of patients received balloon-expandable valves: Edwards 
SAPIEN 3 (64%), SAPIEN XT (13%) and SAPIEN (14%). Self-expandable valves as the 
Medtronic Corevalve Evolut was used in 6 patients (6%) and the Boston Scientific Lotus 
in 3%. Prosthesis size ranged from 20 mm to 31 mm, with 26 mm being most frequently 
used in 47 patients (44%). 

Echocardiographic results after TAVI

Prosthetic valve hemodynamics immediately after TAVI are shown in Table 3. Mean trans
valvular gradient in the total population was 11.7±6.0 mmHg and the prosthetic aortic valve 
area was 1.64±0.43 cm2. At 12 months post-TAVI, both patients with HALT and without HALT 
showed a significant reduction in LV end-diastolic volume index (LVEDVi, from 50±16 ml/m2 
to 44±17ml/m2, p=0.010 and from 54±17 ml/m2 to 48±14 ml/m2, p=0.012, respectively) and in 
LV end-systolic volume index (LVESVi, from 24±10 ml/m2 to 19±8 ml/m2, p=0.001 and from 
27±14 ml/m2 to 22±9 ml/m2, p=0.001, respectively), without significant differences between 
the groups over time (p for interaction=0.36 and p=0.18, respectively). Additionally, LV 
mass index regressed significantly in both groups (HALT: from 125±37 g/m2 to 105±46 g/m2,  
p=0.001; no HALT: from 127±35 g/m2 to 101±27 g/m2, p<0.001; p for interaction=0.48). 
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TABLE 1. Baseline clinical characteristics.

Variable

Overall 
population
(n=106)

HALT
(n=53)

no HALT
(n=53) p-value

Age, years 81 ± 7 81 ± 7 80 ± 7 0.47
Male, n (%) 58 (55) 31 (59) 27 (51) 0.44
Body surface area, m2 1.84 ± 0.20 1.86 ± 0.22 1.82 ± 0.17 0.29
Body mass index, kg/m2 27 ± 4 27 ± 4 26 ± 4 0.87
EUROSCORE 12.3 (7.4-20.6) 13.0 (7.5-21.4) 11.7 (6.4-19.7) 0.34
Creatinine level, µmol/ml 88 (75-108) 87 (75-105) 88 (74-111) 0.70
Hypertension, n (%) 74 (70) 37 (70) 37 (70) >0.99
Hypercholesterolemia, n (%) 71 (67) 37 (70) 34 (64) 0.54
Diabetes, n (%) 27 (26) 11 (21) 16 (30) 0.27
Previous or current smoking, n (%) 14 (38) 5 (28) 9 (47) 0.22
CAD, n (%) 49 (46) 26 (49) 23 (43) 0.56
Previous revascularization, n (%)
	 PCI 23 (22) 9 (17) 14 (26) 0.23
	 CABG 20 (19) 13 (25) 7 (13)
NYHA classification, n (%)
	 I-II 41 (39) 18 (34) 23 (43) 0.32
	 III-IV 65 (61) 35 (66) 30 (56)
Previous myocardial infarction, n (%) 13 (12) 6 (11) 7 (13) 0.77
Previous stroke/TIA, n (%) 13 (12) 10 (19) 3 (6) 0.038
Peripheral vascular disease, n (%) 24 (23) 11 (21) 13 (25) 0.64
Chronic obstructive pulmonary 
disease, n (%)

19 (18) 10 (19) 9 (17) 0.80

Atrial fibrillation, n (%) 23 (22) 13 (25) 10 (19) 0.48
Medication, n (%)
	 Beta-blocker 56 (53) 29 (55) 27 (51) 0.70
	 ACE-I/ARB 67 (63) 35 (66) 32 (60) 0.55
	 Calcium antagonist 30 (28) 14 (26) 16 (30) 0.67
	 Diuretics 64 (60) 33 (62) 31 (59) 0.69
	 Spironolactone 22 (21) 11 (21) 11 (21) >0.99
	 Statins 54 (51) 25 (47) 29 (55) 0.44
	 Antiplatelet 89 (84) 44 (83) 45 (85) 0.79
	 Anticoagulation 31 (29) 13 (25) 18 (34) 0.29
	� Anticoagulation + antiplatelet 

therapy
16 (15) 5 (9) 11 (21) 0.10

Data are presented as mean ± SD, median (IQR) and n (%). ACE-I = angiotensin-converting enzyme, 
ARB II = angiotensin II receptor blocker, CABG = coronary artery bypass grafting, CAD = coronary 
artery disease, NYHA = New York Heart Association, PCI = percutaneous coronary intervention, TIA 
= transient ischemic attack.
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LVEF improved significantly at 12 months follow-up in both groups of patients, without 
significant differences between patients with and without HALT over time (HALT: from 
53±11% to 56±8%, p=0.024; no HALT: from 51±13% to 54±11%, p=0.017; p for interaction=0.81). 
Stroke volume index remained unchanged in both groups. Similar results were observed 
when adjusting for potential confounders of LV reverse remodeling and the potential 
confounding role of oral anticoagulation treatment on the presence of HALT: no significant 
differences were noted between patients with and without HALT over time with regards 
to reduction of LV volumes (LVEDVi: adjusted p for interaction=0.45; LVESVi: p=0.65) and LV 
mass index (adjusted p for interaction=0.86) as well as improvement in LVEF (adjusted p 
for interaction=0.39). Figure 2 presents the changes in LV variables between patients with 
and without HALT over time.

TABLE 2. Baseline (pre-TAVI) echocardiographic data.

Variable
Overall population
(n=106)

HALT
(n=53)

no HALT
(n=53) p-value

Bicuspid aortic valve, n (%) 5 (5) 3 (6) 2 (4) 0.67
LVEF, % 52 ± 12 53 ± 11 51 ± 13 0.35
LVEDV, ml 95 ± 32 93 ± 32 98 ± 33 0.51
LVESV, ml 47 ± 23 44 ± 20 50 ± 26 0.20
LVEDVi, ml/m2 52 ± 17 50 ± 16 54 ± 17 0.30
LVESVi, ml/m2 26 ± 12 24 ± 10 27 ± 14 0.12
SV, ml 49 ± 17 49 ± 18 48 ± 17 0.62
SVi, ml/m2 27 ± 9 27 ± 10 26 ± 9 0.81
LV mass, g 231 ± 70 232 ± 75 230 ± 66 0.89
LV mass index, g/m2 126 ± 36 125 ± 37 127 ± 35 0.76

Data are presented as mean ± SD and n (%). LVEDV = left ventricular end-diastolic volume, LVEDV 
= left ventricular end-diastolic volume index, LVEF = left ventricular ejection fraction, LVESV = left 
ventricular end-systolic volume, LVESVi = left ventricular end-systolic volume index, SV = stroke 
volume, SVi = stroke volume index, TAVI = transcatheter aortic valve implantation.

Transvalvular mean gradient remained unchanged in patients with HALT over time 
(from 11.4±6.2 mmHg to 11.4±7.1 mmHg, p=0.997), but showed a slight decrease in patients 
without HALT (from 12.1±5.9 mmHg to 10.8±4.4 mmHg, p=0.031). However, there were no 
statistically significant differences between groups over time (p for interaction=0.25); 
but the decrease in mean gradient in patients without HALT during follow-up was 
significantly different if corrected for oral anticoagulation treatment (adjusted p 
for interaction=0.049). Patients with HALT showed a trend towards smaller AVA at 12 
months follow-up (from 1.61±0.42 cm2 to 1.51±0.38 cm2, p=0.076), whereas AVA remained 
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unchanged in patients without HALT (from 1.67±0.44 cm2 to 1.66±0.44 cm2, p=0.97). 
However, no statistically significant differences were observed between the groups over 
time (p for interaction=0.21, adjusted p for interaction=0.064). Figure 3 illustrates changes 
in prosthetic valve hemodynamics (AVA, transvalvular gradient) between patients with 
and without HALT over time.

TABLE 3. Prosthetic valve hemodynamics immediately after TAVI.

Overall population
(n=106)

HALT
(n=53)

no HALT
(n=53) p-value

Peak transvalvular gradient, mmHg 22.2 ± 10.7 21.1 ± 10.2 23.3 ± 11.3 0.30
Mean transvalvular gradient, mmHg 11.7 ± 6.0 11.4 ± 6.2 12.1 ± 5.9 0.60
Aortic valve area, cm2 1.64 ± 0.43 1.61 ± 0.42 1.67 ± 0.44 0.61

TAVI = transcatheter aortic valve implantation.

At 12 months follow-up echocardiography, 7 patients showed an increased trans
valvular mean gradient (Table 4). Four of these patients manifested immediately after 
TAVI and 3 patients (all with HALT) developed increased transvalvular gradients during 
follow-up. Of these 3 patients, one developed a significantly increased gradient of 44 
mmHg; however, the transvalvular gradients of the two other patients were only slightly 
elevated (from 17 mmHg to 20 and 23 mmHg, respectively). Abnormal valve hemodynamics 
indicating prosthetic valve stenosis was present in 2 patients before discharge (1 patient 
with HALT and 1 without) and in 4 patients at 12 months follow-up (HALT: n=3 (6%); no 
HALT: n=1 (2%), p=0.62). Whilst LVEF in the entire patient cohort improved significantly at 
12 months follow-up, 21 patients (20%) showed a reduction in LVEF ≥5%; nevertheless, the 
prevalence of LVEF deterioration did not differ between patients with and without HALT 
(HALT: n=9 (17%) versus no HALT: n=12 (23%), p=0.47). Moreover, absence of reduction in LV 
volumes was observed in 24% of patients (HALT: n=13 (25%) versus no HALT: n=12 (23%), 
p=0.82), whereas absence of LV mass regression was noted in 27% of patients (HALT: n=13 
(26%) versus no HALT: n=15 (29%), p=0.70) without differences between patients with and 
without HALT. 
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FIGURE 2. Left ventricular reverse remodeling in patients with (red line) and without hypo-
attenuated leaflet thickening (blue line) after transcatheter aortic valve implantation. 
Changes in left ventricular end-diastolic volume index (LVEDVi, a), left ventricular end-systolic 
volume index (LVESVi, b), left ventricular ejection fraction (LVEF, c) and left ventricular mass index 
(d) from baseline to 12 months follow-up after transcatheter aortic valve implantation. * shows 
p-value for comparing means between groups at baseline. † shows p-value for groups over time. ‡ 
shows p for interaction between groups over time.
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FIGURE 3. Prosthetic valve hemodynamics of patients with (red line) and without hypo-
attenuated leaflet thickening (blue line) after transcatheter aortic valve implantation. 
Changes in transvalvular mean gradient (a) and prosthetic aortic valve area (AVA, b) from baseline 
to 12 months follow-up after transcatheter aortic valve implantation. * shows p-value for comparing 
means between groups at baseline. † shows p-value for groups over time. ‡ shows p for interaction 
between groups over time.
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TABLE 4. Echocardiographic endpoints after TAVI at 12 months follow-up.

Variable

Overall 
population
(n=106)

HALT
(n=53)

no HALT
(n=53) p-value

Mean transvalvular gradient ≥20 mmHg, n (%) 7 (7) 5 (10) 2 (4) 0.44
Mean gradient, mmHg 11.1 ± 5.9 11.4 ± 7.1 10.8 ± 4.4 0.59
AVA ≤1.1 cm2, n (%) 14 (14) 9 (18) 5 (10) 0.25
AVA, cm2 1.59 ± 0.40 1.51 ± 0.38 1.66 ± 0.44 0.054
Possible THV obstruction, n (%) * 4 (4) 3 (6) 1 (2) 0.62
Decrease in LVEF ≥5%, n (%) 21 (20) 9 (17) 12 (23) 0.47
No reduction in LVEDV or LVESV, n (%) 25 (24) 13 (25) 12 (23) 0.82
No reduction in LV mass, n (%) 28 (27) 13 (26) 15 (29) 0.70

* defined as a MG≥20 mmHg and AVA ≤1.1 cm2 

Data are presented as mean ± SD and n (%). AVA = aortic valve area, LVEDV = left ventricular end-
diastolic volume, LVEF = left ventricular ejection fraction, LVESV = left ventricular end-systolic 
volume, TAVI = transcatheter aortic valve implantation, THV = transcatheter heart valve.

 
Clinical outcomes after TAVI

Clinical outcomes are reported in Table 5. During a median follow-up of 1.0 year (IQR 1.0-
2.3 years), 2 patients had a stroke/TIA (both patients without HALT, with 1 event being 
immediately after TAVI); 11 patients were admitted to the hospital because of heart 
failure (HALT: n=3 (6%) versus no HALT: n=8 (15%), log-rank χ2: 2.019, p=0.079); 12 patients 
developed new-onset atrial fibrillation (HALT: n=7 (15%) versus no HALT: n=5 (10%), log-
rank χ2: 0.440, p=0.51) and 31 patients died (HALT: n=15 (28%) versus no HALT: n=16 (30%), 
log-rank χ2: 0.298, p=0.59). No differences in event rates were observed between groups. 
After the diagnosis of HALT, 23 patients (43%) received medical treatment with oral 
anticoagulation, 13 patients (25%) already used oral anticoagulation because of atrial 
fibrillation and medical therapy was not changed in 17 patients (32%). 

TABLE 5. Clinical outcomes after TAVI.

Variable Overall population HALT No Halt p-value*
Stroke/TIA 2 (2) 0 2 (4) 0.16
Heart failure hospitalizations 11 (10) 3 (6) 8 (15) 0.079
New-onset atrial fibrillation 12 (12) 7 (15) 5 (10) 0.51
All-cause mortality 31 (29) 15 (28) 16 (30) 0.59

Data are presented as n (%). * p-value comparing the event-free survival of clinical outcomes 
between patients with and without HALT using the log-rank test. TIA = Transient ischemic attack.
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DISCUSSION

The main findings of the current study can be summarized as follows: 1. Patients with 
and without HALT showed similar reduction in LV volumes, regression in LV mass and 
improvement in LVEF at 12 months after TAVI; 2. Prosthetic valve hemodynamics were 
comparable between groups over time; 3. The number of clinical events after TAVI was 
low and not significantly different between patients with and without HALT. 

Clinical consequences of HALT

HALT of transcatheter aortic valves is not uncommon. On MDCT, HALT is visible as hypo-
attenuated areas at the aortic side of the transcatheter valve leaflet and is considered 
to reflect leaflet thrombosis12,29. In the current case-control study, patients with and 
without HALT were compared.

The clinical impact of HALT ranges from an incidental finding on MDCT without 
effect on prosthetic valve hemodynamics and without clinical events, to manifest 
symptomatic transcatheter valve thrombosis. With the increasing use of TAVI to younger 
patients with lower surgical risk, it is essential to understand the clinical consequences 
of HALT. However, since the first publication of HALT by Pache et al. in 201319, its clinical 
implications have been a subject of debate.

The clinical consequences associated with HALT can be classified into symptoms due 
to transcatheter valve obstruction, abnormal prosthetic valve hemodynamics on echo
cardiography, and clinical events. However, the presence of HALT is not associated with 
symptoms in most patients.

Overt valve thrombosis leads to transcatheter valve obstruction with subsequent 
symptoms. Two studies reported (worsening of) dyspnea in 38.9% of patients and 65.8% 
of them had clinical valve thrombosis30,31. However, in a multicenter registry evaluating 
the echocardiographic predictors of HALT in low-risk patients undergoing TAVI, Khan 
et al. reported no differences in 6-minute walking distance between patients with and 
without HALT at 30-day and 1-year follow-up18. Moreover, none of the 27 patients with 
HALT presented with clinical signs of heart failure or exertional dyspnea18. 

The effect of HALT on prosthetic valve hemodynamics has been evaluated in various 
studies. Data from two prospective registries reported that the mean aortic valve 
gradient was greater in patients with HALT and a mean transvalvular gradient ≥20 mmHg 
was more frequently observed32. In addition, the PARTNER 3 CT sub-study reported a 
trend towards a higher mean transvalvular gradient in patients with HALT33. Khan et al. 
reported worse valve hemodynamics (reduced AVA and Doppler velocity index) in patients 
with HALT at 30 days after TAVI, which had normalized at 1-year follow-up18. Moreover, 
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results from a multicenter registry reported by Yanagisawa et al. showed similar mean 
transvalvular gradients in patients with versus without HALT at 1 and 2 years follow-up21.  
Various other studies showed no statistical differences in transvalvular gradients on 
echocardiography in patients with versus without HALT16,20,34. Our findings are in line 
with these results: a slight but significant decrease in gradient after TAVI was noted in 
patients without HALT (from 12.1±5.9 mmHg immediately after TAVI to 10.8±4.4 mmHg at 
12 months follow-up, p=0.031), while the transvalvular mean gradient was not elevated 
and remained unchanged over time in all patients with HALT (from 11.4±6.2 mmHg 
immediately after TAVI to 11.4±7.1 mmHg at 12 months follow-up, p=0.997). Importantly, 
there were no statistically significant differences in transvalvular gradients between 
patients with versus without HALT over time. 

Clinical outcomes associated with HALT include primarily adverse cerebrovascular 
events and mortality. Thromboembolic complications (stroke or TIA) were most com
monly reported. However, the overall incidence of events is low and differences in 
clinical outcomes between patients with HALT and those without are absent. One study 
by Chakravarty et al. reported a significantly higher incidence of post-procedural stroke 
or TIA in the group of patients with reduced leaflet motion (associated with valve throm
bosis) versus patients without32. In contrast, several studies reported no differences  
in stroke or TIA and other clinical outcomes between patients with and without  
HALT21,33,34. Moreover, in a recently published meta-analysis investigating the association 
of subclinical leaflet thrombosis with ischemic cerebral events and mortality, Casula 
et al. reported that subclinical leaflet thrombosis was not associated with a significant  
increase in cerebrovascular events and all-cause mortality after TAVI35. Previously,  
Vollema et al. reported that neither HALT nor increased transvalvular gradient was 
associated with stroke or TIA13. Similarly, in the current study, HALT was not associated 
with stroke/TIA, new-onset atrial fibrillation, heart failure hospitalization, or death. 

LV reverse remodeling 

LV reverse remodeling is considered to be a beneficial process following LV afterload 
reduction after aortic valve replacement and has been associated with improved long-
term outcomes9. The current results demonstrate that LV reverse remodeling after TAVI 
is similar in patients with and without HALT. In this multicenter case-control study, 
patients with severe aortic stenosis treated with TAVI showed a significant reduction in 
LVEDVi and LVESVi with an improvement in LVEF, accompanied by a reduction in LV mass 
at 12 months follow-up. 

We hypothesized that the hemodynamic consequences of HALT might impair LV 
reverse remodeling after TAVI. However, our study demonstrated that HALT was not 
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associated with increased prosthetic valve gradients, and therefore, may had no impact 
on LV reverse remodeling. Yet, some patients have been treated with antithrombotic 
therapy after the diagnosis of HALT, which might have prevented progression of HALT 
and potentially subsequent deterioration of prosthetic valve function32. However, we 
found no differences in LV reverse remodeling between patients with and without HALT 
after adjusting for oral anticoagulation treatment. Our findings suggest that HALT, as 
it emerges in current clinical practice, seems to have limited clinical impact and may 
not lead to increased prosthetic gradients, impaired LV reverse remodeling and worse 
outcome at 1-year follow-up after TAVI.

One other study evaluated the relation between HALT and LV reverse remodeling. 
Szilveszter et al. performed MDCT in 117 patients after TAVI, and showed HALT in 25.6% of 
patients36. The authors showed (similar to our findings) significant LV reverse remodeling 
after TAVI, with a reduction in LV mass. Conversely, they demonstrated an inverse relation 
between HALT and LV reverse remodeling: HALT was more prevalent in patients with less 
than 20% reduction in LV mass at follow-up. This difference between the studies could 
be related to differences in imaging modality to assess LV mass (MDCT versus echo) and 
the timing of assessing LV mass after TAVI (3 months versus 12 months). Possibly, LV 
reverse remodeling is a process that may need more time and might occur up to 2 years 
after TAVI10. Finally, Szilveszter and colleagues36 used a pre-defined threshold of 20% LV 
mass regression to define LV reverse remodeling, whereas in the current study LV mass 
regression was treated as continuous variable. Additional studies are needed to further 
elucidate this issue.

The current study has some limitations. First, the presence of HALT was determined 
from MDCT ranging from 1 to 3 months after TAVI. Studies have reported the occurrence 
of HALT up to 3 years after TAVI21,33. Second, only the presence of HALT was reported 
without providing detailed information about the extent of HALT. Last, no serial follow-
up CT scans were performed; accordingly, no conclusions can be drawn regarding the 
extent and natural course of HALT.

CONCLUSION

Improvement in LVEF and LV reverse remodeling at 12 months after TAVI were not limited 
by HALT. In addition, the number of clinical events was low and not different in patients 
with versus without HALT. 
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