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Background-—The prevalence of hypo-attenuated leaflet thickening (HALT) and reduced leaflet motion (RLM) is unknown in
surgically implanted bioprostheses because systematic investigation of HALT and/or RLM is limited to a few catheter-based valves.
The aim of this study was to investigate the prevalence of HALT and RLM by cardiac computed tomography in patients who
underwent surgical aortic valve replacement and received a Perceval sutureless aortic valve bioprosthesis.

Methods and Results-—This was a single-center prospective observational study that included 47 patients (83.5% of the total
number of implantations) who underwent surgical aortic valve replacement with implantation of the Perceval sutureless
bioprosthesis (LivaNova PLC, London, UK) at Karolinska University Hospital in Stockholm, Sweden from 2012 to 2016 and were
studied by cardiac computed tomography. Cardiac computed tomography was performed at a median of 491 days (range 36–
1247 days) postoperatively. HALT was found in 18 (38%) patients and RLM in 13 (28%) patients. All patients with RLM had HALT.
Among patients with HALT, 5 out of 18 patients (28%) were treated with anticoagulation (warfarin or any novel oral
anticoagulant) at the time of cardiac computed tomography. Among patients with RLM, 3 out of 13 patients (23%) were treated
with anticoagulation.

Conclusions-—HALT and RLM were prevalent in the surgically implanted Perceval sutureless aortic valve bioprosthesis. Both HALT
and RLM were found in patients with ongoing anticoagulation treatment. Whether these findings are associated with adverse
events needs further study.

Clinical Trial Registration-—URL: http://www.clinicaltrials.gov. Unique identifier: NCT02671474. ( J Am Heart Assoc. 2017;6:
e005251. DOI: 10.1161/JAHA.116.005251.)
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R ecent reports have shown a high prevalence of hypo-
attenuated leaflet thickening (HALT) with or without

reduced leaflet motion (RLM) detected with cardiac computed

tomography (CT) of transcatheter aortic valve implantation
(TAVI) prostheses.1–4 The prevalence of RLM and HALT has
been studied in a small number of different types of surgically
implanted bioprostheses.4 Additional data for prosthetic heart
valves have been requested by the US Food and Drug
Administration (FDA).5 Patients are frequently asymptomatic
and the abnormalities have been detected incidentally. Leaflet
thrombosis has been speculated to be the underlying cause of
HALT and RLM because anticoagulation therapy with warfarin
has been associated with a decreased prevalence of RLM.
Furthermore, restoration of cusp thickness and leaflet motion
has been noted in patients receiving warfarin. Although the
clinical consequences of HALT and RLM are still uncertain,
left-sided prosthetic valve thrombosis is a risk factor for
stroke,6,7 and prosthetic valve thrombosis is associated with
prosthesis dysfunction and reduced prosthesis durability.8

During recent years, sutureless surgical aortic biopros-
theses have gained popularity as an alternative to conven-
tional sutured stented bioprostheses for patients
undergoing aortic valve replacement (AVR). Sutureless
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surgical aortic bioprostheses were introduced to facilitate
implantation and shorten the procedure to reduce adverse
effects associated with aortic cross-clamping and car-
diopulmonary bypass. The Perceval (LivaNova PLC, London,
UK) valve is a sutureless aortic bioprosthesis made of
bovine pericardium that received CE (Conformit�e Euro-
p�eenne) mark approval in 2011 and US FDA approval in
2016. It is currently the most frequently used sutureless
prosthetic valve and has been implanted in more than
15 000 patients in more than 310 hospitals worldwide.9

The Perceval bioprosthesis shares structural similarities
with current TAVI prosthetic valves, with a nickel-titanium
alloy stent supporting the valve and anchoring it to the
aortic annulus. The prevalence of HALT and RLM in the
Perceval bioprosthesis is unknown.

The aim of this study was to investigate the prevalence of
HALT and RLM by cardiac CT in patients who underwent
surgical AVR and received a Perceval sutureless aortic valve
bioprosthesis. We also sought to examine the association
between HALT and RLM.

Methods

Study Design
This was a single-center prospective observational study
approved by the regional Human Research Ethics Committee,
Stockholm, Sweden. Informed consent was obtained from
patients meeting the inclusion criteria. Study design and data
collection were conducted by the study institution with no
sponsor contribution.

Study Population
All patients who had undergone surgical AVR with implanta-
tion of the Perceval sutureless bioprosthesis at Karolinska
University Hospital in Stockholm, Sweden (October 2012 to
February 2016) were eligible. The criterion to implant the
Perceval sutureless bioprosthesis was aortic stenosis with
indication for primary isolated nonemergent AVR. Implanta-
tion was considered feasible if the aortic annulus size was
between 19 and 27 mm and the ratio between the diameter
of the sinotubular junction and the diameter of the aortic
annulus did not exceed 1.3. A type 0 bicuspid aortic valve was
a contraindication for Perceval sutureless bioprosthesis
implantation. Exclusion criteria were death, severely
impaired renal function (glomerular filtration rate
<30 mL�min�1�1.73 m�2), unwillingness to undergo CT exam-
ination, or inability to participate in the examination for
logistical reasons.

Clinical Outcomes
Clinical data were obtained by chart review. We investigated
the associations between HALT and RLM and baseline,
procedural, and follow-up data. At the time of the cardiac
CT examination, we collected data on antithrombotic treat-
ment to assess its effect on the prevalence of HALT and RLM.
Warfarin treatment was classified as being within therapeutic
range if the international normalized ratio had been >2 within
7 days of CT. We also collected data on symptoms of heart
failure according to the New York Heart Association functional
classification and change in New York Heart Association class
at cardiac CT examination.

Sutureless Surgical Aortic Valve Replacement
Information about the Perceval bioprosthesis design (Fig-
ure S1) is presented in the Methods section of Data S1.
Patients underwent sutureless bioprosthesis AVR via either
full sternotomy or partial upper hemisternotomy. The surgeon
determined eligibility for implantation of a sutureless biopros-
thesis and the preferred incision. Cardiopulmonary bypass
was established with central arterial and central or peripheral
percutaneous venous cannulation. Implantation was per-
formed as previously described10 and details are presented
in the Methods section of Data S1.

Peri- and Postprocedural Antithrombotic Regimen
Before initiation of cardiopulmonary bypass, 400 IU heparin/
kg body weight was administered. If necessary, additional
heparin was administered to maintain an activated clotting
time of more than 480 s during cardiopulmonary bypass.

Clinical Perspective

What Is New?

• Hypo-attenuated leaflet motion and reduced leaflet motion
were prevalent in the surgically implanted Perceval suture-
less aortic valve bioprosthesis.

• Both hypo-attenuated leaflet thickening and reduced leaflet
motion were found in patients with ongoing anticoagulation
treatment.

What Are the Clinical Implications?

• Whether hypo-attenuated leaflet thickening and reduced
leaflet motion in the Perceval sutureless aortic valve
bioprosthesis are associated with adverse events is cur-
rently unknown and warrants further investigation.

• The findings cannot be regarded as recommendations
regarding anticoagulation therapy following Perceval suture-
less implantation since the study was not designed to
investigate this.
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After weaning from cardiopulmonary bypass, protamine was
administered at a ratio of 1.0 to 1.3 mg/100 IU of the initial
dose of heparin. All patients received tranexamic acid
perioperatively (10–20 mg�kg�1 before surgery followed by
an infusion of 5 to 10 mg�kg�1�h�1 during the operation).

According to the standard antithrombotic protocol for
aortic bioprostheses at our center, postoperative antithrom-
botic treatment consisted of low-molecular-weight heparin
until full mobilization and lifelong treatment with acetylsali-
cylic acid 75 mg once daily. Patients without a preoperative
indication for oral anticoagulation did not receive oral
anticoagulants postoperatively. In patients perioperatively
receiving long-term anticoagulation treatment, warfarin or
novel oral anticoagulant (dabigatran, apixaban, or rivaroxaban)
treatment was paused 3 days before the operation without
bridging with low-molecular-weight heparin. In these patients,
anticoagulation therapy was readministered at day 1 postop-
eratively. These patients were not treated with acetylsalicylic
acid.

Cardiac Computed Tomography Data Acquisition
Details regarding cardiac CT data acquisition are presented in
the Methods section of Data S1. All patients were scanned
using a dual-source 2964-row multidetector computed
tomograph (Siemens Somatom Definition Flash; Siemens
Healthcare, Forchheim, Germany) with retrospective ECG
gating and individualized contrast medium administration.

Cardiac Computed Tomography Analysis
Details regarding cardiac CT analysis are presented in Data
S1. Cardiac CT examinations were analyzed independently by
2 experienced readers (level 2 according to American College
of Cardiology Foundation/American Heart Association levels
of CT reading competence11). Joint readings involving a third
experienced reader were subsequently performed to reach a
consensus.

For assessment of leaflet anatomy and motion, multiplanar
reformatted reconstructions (MPR) were used as still images
from selected phases of the cardiac cycle, as well as dynamic
images of the entire cardiac cycle. An examination was
considered nondiagnostic if artifacts prevented reliable
assessment of 1 or more valve leaflet (for example, because
of motion or image noise).

HALT was defined according to the definition previously
proposed1: evidence of 1 or more leaflet with hypo-attenuated
thickening, with or without rigidity, identifiable in at least 2
different MPR projections. To evaluate leaflet motion, time-
resolved 1-mm MPR were used, providing high-quality
dynamic images of the prosthetic valve throughout the
cardiac cycle, in the plane of the leaflets and in a

perpendicular plane adjusted to the leaflet being assessed.
Leaflet motion was considered normal or reduced based on
visual assessment. Leaflet motion was considered reduced
when the entire cusp displayed reduced motion. The opening
area of the prosthetic valve was measured using planimetry in
MPR.12

During subsequent separate reading sessions, the 2
readers performed additional analyses of leaflet motion, with
access only to 3-dimensional (3D) volume-rendered (VR)
images of the aortic-valve bioprosthesis, blinded to findings of
previous MPR analyses.

Statistical Methods
Variables were described using frequencies and percentages
for categorical variables, and means and SD or medians and
interquartile range (quartile Q1, Q3) for continuous variables.
Continuous variables were compared using the t test or
analysis of variance, and categorical or binary variables were
compared using Pearson’s v2 test. P values were not
corrected for multiple comparisons. A 2-sided P value of
<0.05 was considered to indicate statistical significance. Data
management and statistical analyses were performed using
Stata 13.1 (Stata Corp, College Station, TX).

Results

Study Population
Between October 2012 and February 2016, a total of 58
patients received a Perceval sutureless bioprosthesis at our
center. All procedures were primary isolated AVR because of
aortic stenosis. One patient had a subarachnoid hemorrhage
and died 127 days postoperatively, before initiation of the
study. Fifty-seven patients were eligible for participation in the
study. Ten patients were not included in the study (1 with
impaired renal function, 7 unwilling to participate in the study,
2 who were indisposed for logistical reasons). Cardiac CT was
performed between February and March 2016 in 47 patients
(83.5% of the patients who were eligible for participation). All
cardiac CT examinations were diagnostic regarding the
evaluation of HALT. One examination was nondiagnostic
regarding the assessment of valve leaflet motion because of
motion artifacts as the result of irregular heart rhythm. Patient
characteristics at the time of surgery are shown in Table 1.
Cardiac CT was performed at a median of 491 days (range
36–1247 days, Q1 287, Q3 933 days) postoperatively.
Patient age, sex, and surgical risk score assessed with
EuroSCORE (European System for Cardiac Operative Risk
Evaluation Score) II did not differ significantly between
excluded patients and patients who underwent cardiac CT
examination (age: 73.3 years versus 74.5 years, P=0.51;
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Table 1. Patient and Procedural Characteristics

Total
Population
(n=47)

No HALT
(n=29) HALT (n=18) P Value

Normal Leaflet
Motion (n=33) RLM (n=13) P Value

Age, y, mean (SD) 74.5 (5.4) 75.6 (3.9) 72.8 (7.1) 0.082 76.5 (4.3) 69.8 (5.4) <0.001

Female sex 36 (77%) 22 (76%) 14 (78%) 0.88 26 (79%) 9 (69%) 0.49

Body mass index, kg/m2,
mean (SD)

27.70 (4.96) 27.5 (3.9) 28.1 (6.5) 0.69 27.1 (3.9) 29.4 (7.0) 0.16

Ministernotomy 40 (85%) 23 (79%) 17 (94%) 0.35 26 (79%) 13 (100%) 0.20

Prosthesis size 0.41 0.40

Small 4 (9%) 4 (14%) 0 (0%) 4 (12%) 0 (0%)

Medium 18 (38%) 11 (38%) 7 (39%) 14 (42%) 4 (31%)

Large 20 (43%) 11 (38%) 9 (50%) 12 (36%) 7 (54%)

Extra large 5 (11%) 3 (10%) 2 (11%) 3 (9%) 2 (15%)

Left ventricular ejection
fraction

0.85 0.84

>50% 44 (94%) 27 (93%) 17 (94%) 31 (94%) 12 (92%)

30% to 50% 3 (6%) 2 (7%) 1 (6%) 2 (6%) 1 (8%)

<30% 0 0 0 0 0

Estimated glomerular
filtration rate

0.56 0.27

>60 mL�min�1�1.73 m�2 32 (68%) 21 (72%) 11 (61%) 23 (70%) 8 (62%)

45 to 60 mL�min�1�1.73 m�2 10 (21%) 6 (21%) 4 (22%) 8 (24%) 2 (15%)

30 to 45 mL�min�1�1.73 m�2 4 (9%) 2 (7%) 2 (11%) 2 (6%) 2 (15%)

15 to 30 mL�min�1�1.73 m�2 1 (2%) 0 (0%) 1 (6%) 0 (0%) 1 (8%)

Diabetes mellitus 10 (21%) 4 (14%) 6 (33%) 0.11 5 (15%) 5 (38%) 0.084

Insulin-dependent diabetes
mellitus

3 (6%) 1 (3%) 2 (11%) 0.30 1 (3%) 2 (15%) 0.13

Hypertension 34 (72%) 21 (72%) 13 (72%) 0.99 25 (76%) 9 (69%) 0.65

Stroke 0 0 0 ��� 0 0 ���
Transient ischemic
attack

6 (13%) 4 (14%) 2 (11%) 0.79 4 (12%) 2 (15%) 0.77

Chronic lung disease 4 (9%) 4 (14%) 0 (0%) 0.099 3 (9%) 0 (0%) 0.26

Hemodialysis 0 0 0 ��� 0 0 ���
Neurologic dysfunction 0 0 0 ��� 0 0 ���
Critical preoperative
state

1 (2%) 1 (3%) 0 (0%) 0.43 1 (3%) 0 (0%) 0.53

Active cancer 0 0 0 ��� 0 0 ���
History of cancer 5 (11%) 4 (14%) 1 (6%) 0.37 5 (15%) 0 (0%) 0.14

Peripheral artery
disease

0 0 0 ��� 0 0 ���

Coronary artery disease 0 0 0 ��� 0 0 ���
Previous myocardial
infarction

1 (2%) 0 (0%) 1 (6%) 0.20 0 (0%) 1 (8%) 0.11

Atrial fibrillation 6 (13%) 5 (17%) 1 (6%) 0.24 5 (15%) 0 (0%) 0.14

New York Heart
Association class

0.42 0.91

Continued
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female sex: 82% versus 77%, P=0.71; EuroSCORE II: 2.70
versus 1.68, P=0.20).

HALT and RLM
Validation of CT evaluation methods is presented in the
Results section of Data S1. HALT was found in 18 (38%)
patients, of which 10 (56%) had 1 affected leaflet, 6 (33%) had
2 affected leaflets, and 2 (11%) had HALT of all 3 leaflets. Ten
right aortic valve cusps, 8 left cusps, and 10 noncoronary
cusps had HALT. The mean HALT leaflet thickening was 3 mm
(range 1–5 mm; Figure S2). At discharge after AVR, transaor-
tic pressure gradients were comparable between patients with
and without HALT (mean transaortic pressure gradient
15.2�5.3 mm Hg versus 15.5�5.6 mm Hg, P=0.84). RLM
was seen in 13 of 18 (72%) patients with HALT. Thirty-one
patients (66%) had evidence of hypo-attenuated lesions
different from leaflet thickening (a majority located below
the insertion of the prosthetic valve leaflets).

RLM was found in 13 (28%) patients, of which 11 patients
had 1 leaflet with reduced motion and 2 patients had 2
leaflets with reduced motion. RLM was found in 3 right aortic
valve cusps, 5 left cusps, and 7 noncoronary cusps (Figures
S3 and S4). None of the patients with RLM showed clinical
symptoms of aortic stenosis. At discharge after AVR,
transaortic pressure gradients were comparable between
patients with normal and RLM (mean transaortic pressure
gradient 14.5�4.1 mm Hg versus 16.2�6.9 mm Hg,
P=0.32). All patients with RLM had evidence of HALT of at
least 1 leaflet and there was a significant association between
RLM and the presence of HALT (P<0.001). Dynamic images
are presented in Videos S1 through S7.

Patient and procedural characteristics are presented in
Table 1 but the study was underpowered to detect possible
associations between these characteristics and the risk of
HALT and RLM. Patients with RLM were younger than patients
with normal leaflet motion (69.8�5.4 years versus
76.5�4.3 years, P<0.001). We investigated a possible rela-
tion between time interval from operation to CT, and HALT/
RLM but found none. However, the study might have been
underpowered to detect such a difference. Implanted pros-
thesis size and prosthetic valve opening area in relation to
HALT and leaflet motion are presented in Table S1.

Antithrombotic Treatment
All patients treated with warfarin or a novel oral anticoagulant
had been taking the medication for at least 5 months without
interruption before CT examination. Both HALT and RLM were
found in patients treated with acetylsalicylic acid, warfarin, or
a novel oral anticoagulant (Table 2, Figure). All patients with
HALT or RLM and oral anticoagulant treatment at the time of
CT had ongoing anticoagulant treatment at the time of
operation or started it within 1 month after the operation.
There was no time effect in relation to type of antithrombotic
therapy (novel oral anticoagulant or warfarin) used during the
study period.

Clinical Outcomes
Clinical outcomes are shown in Table 3. Three (6%) patients
had a perioperative stroke, and 1 (2%) transient ischemic
attack (at 406 days postoperatively) occurred during follow-
up. Two of these 4 patients with a cerebrovascular

Table 1. Continued

Total
Population
(n=47)

No HALT
(n=29) HALT (n=18) P Value

Normal Leaflet
Motion (n=33) RLM (n=13) P Value

I 3 (6%) 2 (7%) 1 (6%) 2 (6%) 1 (8%)

II 23 (49%) 12 (41%) 11 (61%) 16 (48%) 7 (54%)

III 21 (45%) 15 (52%) 6 (33%) 15 (45%) 5 (38%)

IV 0 0 0 0 0

Previous cardiac
surgery

1 (2%) 1 (3%) 0 (0%) 0.43 1 (3%) 0 (0%) 0.53

Pacemaker 0 0 0 ��� 0 0 ���
EuroSCORE II,
mean (SD)

2.01 (1.07) 2.08 (1.17) 1.91 (0.92) 0.62 2.09 (1.13) 1.82 (0.97) 0.45

Days between operation
and CT, median (Q1, Q3)

491 (287, 933) 547 (287, 989) 420 (289, 50) 0.65 583 (364, 1045) 331 (272, 492) 0.095

Baseline and procedural characteristics in relation to HALT and leaflet motion in 47 patients who underwent cardiac CT at different time points after surgical aortic valve replacement with
the Perceval sutureless aortic valve bioprosthesis. Data are n (%) unless otherwise noted. CT indicates computed tomography; EuroSCORE II, European System for Cardiac Operative Risk
Evaluation Score II; HALT, hypo-attenuated leaflet thickening; Q, quartile; RLM, reduced leaflet motion.
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thromboembolic event had HALT and RLM and 2 had neither
HALT nor RLM at CT examination. There were no other
significant differences in clinical outcomes between the
groups but the study was not designed to detect such
differences.

Discussion
In this study, cardiac CT revealed a high prevalence of HALT
and RLM among patients with a surgically implanted Perceval
sutureless aortic valve bioprosthesis. HALT was found in all
patients with RLM. Both HALT and RLM were found in patients
with ongoing anticoagulation treatment.

Previous Studies of HALT and RLM
Three recently published series have reported on HALT and/
or RLM detected with CT in patients who received TAVI
prostheses.1,3,4 In 1 of these reports, a small number of
different types of surgically implanted bioprostheses was also
studied.4 None of these studies investigated both HALT and
RLM systematically. In a series of 156 consecutive patients
undergoing CT after a median of 5 days after implantation of
the SAPIEN 3 (Edwards Lifesciences, Irvine, CA) transcatheter
valve, HALT was found in 10.3% with RLM in 50% of these
cases.1 HALT was clinically insignificant in all cases and
reversible by anticoagulation treatment with phenprocoumon
for 3 months. In a report of 140 patients who underwent CT 1
to 3 months after implantation of the SAPIEN XT (Edwards
Lifesciences) transcatheter valve, HALT was reported in 5 (4%)
patients, of whom 4 were asymptomatic.3 None of these
patients received anticoagulation treatment at the time of the

CT scan. HALT was reversible by anticoagulation treatment
with warfarin for 3 months in all 5 patients.

The Assessment of Transcatheter and Surgical Aortic
Bioprosthetic Valve Thrombosis and Its Treatment with
Anticoagulation (RESOLVE) registry and Subclinical Aortic
Valve Bioprosthesis Thrombosis Assessed with Four-Dimen-
sional Computed Tomography (SAVORY) registry reported the
prevalence of subclinical leaflet thrombosis in bioprosthetic
aortic valves on the basis of 890 patients (84% TAVI patients,
16% surgical AVR patients) who had interpretable CT imaging
done after either TAVI or surgical AVR. Reduced leaflet motion
was diagnosed in 3.6% of the patients with surgical valves
versus 13% of patients with transcatheter valves. Six different
types of surgical bioprostheses were studied and the
prevalence of RLM ranged 0% to 11% between these
prosthesis types. Prevalence of RLM ranged 0% to 30% in
studied transcatheter valve types. HALT was found in all
patients with RLM. Patients with reduced leaflet motion had a
small increase in aortic valve gradients measured with
transthoracic echocardiography at CT examination. The
prevalence of RLM was lower among patients receiving
anticoagulation therapy compared with patients receiving dual
antiplatelet therapy at the time of cardiac CT (4% versus 15%).
Reduced leaflet motion resolved in all 36 patients who
received anticoagulation for 3 months but persisted in 20 of
22 patients not receiving anticoagulation. Reduced leaflet
motion was associated with increased rates of transient
ischemic attacks (4.18 versus 0.60 per 100 person-years).

In summary, these 3 previous reports indicate that HALT
and RLM can be detected on cardiac CT and could be
associated with increased rates of transient ischemic attacks
and a small increase in valve gradients. HALT and RLM have

Table 2. Antithrombotic Treatment at the Time of CT

Total Population
(n=47) No HALT (n=29) HALT (n=18) P Value

Normal Leaflet
Motion (n=33) RLM (n=13) P Value

Anticoagulation treatment at the time of computed tomography

Warfarin 8/47 (17%) 4/29 (14%) 4/18 (22%) 0.45 6/33 (18%) 2/13 (15%) 0.82

Any novel oral anticoagulant 9/47 (19%) 8/29 (28%) 1/18 (6%) 0.062 7/33 (21%) 1/13 (8%) 0.28

Warfarin or any novel oral anticoagulant 17/47 (36%) 12/29 (41%) 5/18 (28%) 0.35 13/33 (39%) 3/13 (23%) 0.30

Rivaroxaban 2/47 (4%) 2/29 (7%) 0 0.25 2/33 (6%) 0 0.36

Apixaban 7/47 (15%) 6/29 (21%) 1/18 (6%) 0.16 5/33 (15%) 1/13 (8%) 0.50

Dabigatran 0 0 0 ��� 0 0 ���
Platelet inhibition treatment at the time of computed tomography

Dual antiplatelet therapy 0 0 0 ��� 0 0 ���
Acetylsalicylic acid 28/47 (60%) 15/29 (52%) 13/18 (72%) 0.16 19/33 (58%) 9/13 (69%) 0.47

Anticoagulant and platelet inhibition treatment at the time of cardiac computed tomography in relation to HALT and leaflet motion in 47 patients who underwent computed tomography at
different time points after surgical aortic valve replacement with the Perceval sutureless aortic valve bioprosthesis. Data are n (%) unless otherwise noted. HALT indicates hypo-attenuated
leaflet thickening; RLM, reduced leaflet motion.
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been demonstrated in practically all studied prosthesis types,
including surgically implanted bioprostheses. Anticoagulation
treatment at the time of CT has been associated with a
decreased incidence of RLM and both HALT and RLM resolved
with anticoagulation treatment for 3 to 6 months.1,3,4 These
findings have led to the interpretation that HALT and RLM
could be either early markers of leaflet thrombosis or
equivalent to subclinical leaflet thrombosis.

Prevalence of HALT and RLM
The reported prevalence of HALT and RLM has varied
considerably between published series. There are several
differences between these series that might explain the
variability, (eg, multiple prosthesis types, both transcatheter
and surgical), the timing of cardiac CT after valve implanta-
tion, and different cardiac CT techniques.

The prevalence of HALT in the Perceval sutureless aortic
bioprosthesis was high (38%) compared with previous TAVI
studies (4–10%).1,3 This may in part be related to the different
prosthetic designs and to the fact that CT acquisition was

generally performed late in our study, at a median of
491 days after Perceval implantation. Another explanation
of the high prevalence of HALT in the present study may be
the high diagnostic quality of the cardiac CT scans, with no
nondiagnostic examinations, compared with 28% nondiagnos-
tic scans in 1 previous study,3 together with the thorough
evaluation by 2 experienced readers, assessing time-resolved
MPR as well as VR images.

The prevalence of RLM found in this study was higher than
that reported from the RESOLVE/SAVORY study. There are
differences between the RESOLVE/SAVORY study and our
study. First, the diagnosis of RLM differed between the two
studies, since RESOLVE/SAVORY used only 3D VR to diagnose
RLM, but in our study 3D VR was only used for comparative
studies and the reported prevalence of RLM was based on MPR
results. Evaluation of RLM based on 3D VR images alone
correlated moderately with findings based on MPR, but
interobserver variability was greater for 3D VR. No cases of
RLM were missed when evaluating VR images alone, but there
were 3 false-positive cases as compared with MPR assess-
ments. Based on these findings, it is unlikely that the use of

Figure. Study flow chart and prevalence of hypo-attenuated leaflet thickening and reduced leaflet motion in relation to anticoagulation
treatment (warfarin or any novel oral anticoagulant). HALT indicates hypo-attenuated leaflet thickening.
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different RLM diagnosis criteria used in RESOLVE/SAVORY
and our study could explain the large difference in the
prevalence of RLM in surgical implanted bioprostheses
between the two studies. Secondly, baseline characteristic in
the RESOLVE/SAVORY surgical cohort differed from charac-
teristics of the patients included in our study. Patients in our
study were more likely to be female (77% versus 36%) and were
older (74.5 years versus 71.9 years). They also more fre-
quently had a history of transient ischemic attacks (13% versus
2.2%) but less frequently of stroke (0% versus 6.6%) and atrial
fibrillation (13% versus 22.6%). Anticoagulation at the time of
discharge after the operation as well as at the time of CT was
more common in our cohort compared with the RESOLVE/
SAVORY surgical cohort. The differences in baseline charac-
teristics might have contributed to the differences in preva-
lence of RLM in surgical implanted bioprostheses between the
two studies. Finally, the time interval between operation and CT
differed substantially between the studies. In our study, the
median time from aortic valve replacement to CT was 491 days
versus 163 days in RESOLVE/SAVORY surgical cohort. The
association between time interval between operation and CT
and the prevalence of RLM has not been thoroughly studied,
and it is unclear whether this might have influenced the
differences in RLM prevalence between the 2 studies.

The large difference in prevalence of RLM in surgically
implanted bioprostheses in RESOLVE/SAVORY versus in
surgically implanted sutureless bioprostheses in our study
could either be because of different baseline characteristics
or differences in time between operation and CT. However, it
cannot be excluded that the prevalence of RLM is higher in
the sutureless bioprosthetic valve studied compared with
standard surgically implanted bioprostheses. The Perceval
prosthesis has several features in common with transcatheter
valves (eg, the stent design, which could hypothetically affect
the tendency for RLM).

Anticoagulation Therapy
Both HALT and reduced leaflet motion were found in patients
with ongoing anticoagulation treatment. In previous studies,
because of CT characteristics and findings that resolved with
anticoagulation treatment, thrombosis has been considered
to be a likely cause of HALT and RLM.2 The number of
patients in the current study may be too small to detect
differences in anticoagulation therapy. However, HALT and
RLM were noted in patients receiving ongoing anticoagulation
therapy, indicating that anticoagulation therapy is not a
guarantee against these phenomena. This finding is

Table 3. Clinical Outcomes

Total Population
(n=47) No HALT (n=29) HALT (n=18) P Value

Normal Leaflet
Motion (n=33) RLM (n=13) P Value

Paravalvular leakage grade at discharge 0.25 0.36

None 45 (96%) 27 (93%) 18 (100%) 31 (94%) 13 (100%)

Mild 2 (4%) 2 (7%) 0 (0%) 2 (6%) 0 (0%)

Moderate 0 0 0 0 0

Severe 0 0 0 0 0

Reoperation because of paravalvular leakage 0 0 0 ��� 0 0 ���
Device embolization perioperatively 0 0 0 ��� 0 0 ���
Conversion to sternotomy 0 0 0 ��� 0 0 ���
Transaortic pressure gradient at discharge

Maximum, mm Hg, mean (SD) 28.9 (10.7) 27.3 (7.3) 31.7 (14.7) 0.20 28.2 (9.5) 31.3 (13.8) 0.40

Mean, mm Hg, mean (SD) 15.1 (5.3) 14.5 (4.1) 16.2 (6.9) 0.32 15.2 (5.3) 15.5 (5.6) 0.84

New-onset atrial fibrillation 22 (47%) 15 (52%) 7 (39%) 0.39 16 (48%) 6 (46%) 0.89

Atrial fibrillation before discharge 28 (60%) 20 (69%) 8 (44%) 0.096 21 (64%) 6 (46%) 0.28

Atrial fibrillation after discharge 13 (28%) 11 (38%) 2 (11%) 0.046 11 (33%) 1 (8%) 0.075

De novo pacemaker 6 (13%) 2 (7%) 4 (22%) 0.13 3 (9%) 3 (23%) 0.20

Stroke postoperatively excluding perioperatively 0 0 0 ��� 0 0 ���
Stroke perioperatively 3 (6%) 1 (3%) 2 (11%) 0.30 1 (3%) 2 (15%) 0.13

Transient ischemic attack 1 (2%) 1 (3%) 0 (0%) 0.43 1 (3%) 0 (0%) 0.53

Clinical outcomes in relation to HALT and leaflet motion in 47 patients who underwent cardiac computed tomography at different time points after surgical aortic valve replacement with
the Perceval sutureless aortic valve bioprosthesis. Data are n (%) unless otherwise noted. HALT indicates hypo-attenuated leaflet thickening; RLM, reduced leaflet motion.
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supported by findings of a recent larger series of biopros-
thetic valves.4,13,14

Although both HALT and RLM have been shown to resolve
with anticoagulation therapy in previous studies, this treat-
ment may not be generally recommended because anticoag-
ulation generally carries a risk of major bleeding
complications.15 In addition, there are sparse data regarding
the association between HALT and RLM and adverse clinical
events, and the risk–benefit ratio of anticoagulation treatment
for HALT or RLM remains uncertain. Furthermore, it is not
known for how long anticoagulation therapy should be
continued or what happens when anticoagulation treatment
is subsequently discontinued. Guidelines for the possible
treatment of HALT and RLM are currently lacking. Current
American Heart Association/American College of Cardiology
and European Society of Cardiology guidelines state that
anticoagulation treatment with a vitamin K antagonist may be
considered for the first 3 months after bioprosthetic surgical
AVR,16,17 but there is no strong evidence supporting this
statement and many centers prescribe only low-dose acetyl-
salicylic acid after the procedure. Anticoagulation treatment
recommendations after Perceval sutureless valve implantation
follow the standard antithrombotic protocol for bioprosthetic
valves at the implanting center.18 Our analyses cannot be
regarded as recommendations regarding anticoagulation
treatment after Perceval sutureless valve implantation
because our findings regarding HALT and RLM are descriptive
and their potential clinical implications are unknown.

Underlying Mechanism
As for other valve types, the underlying mechanism of HALT
and RLM in Perceval sutureless bioprostheses is unknown.
Leaflet thrombosis has been speculated to be the underlying
cause because restoration of cusp thickness and leaflet
motion has been noted in patients receiving warfarin. All
patients with RLM in this study, as well as in a previous TAVI
study,4 had evidence of HALT and it seems likely that the
reduced leaflet motion is secondary to the thickening of the
valve leaflets. It has been speculated that the leaflet material
of transcatheter and surgical bioprostheses may to some
degree be procoagulant.1 The Perceval prosthesis has several
features in common with transcatheter valves (eg, the stent
design may cause blood trauma and thereby induce a
hypercoagulable state).1,19 After insertion into the aortic
annulus, the Perceval prosthesis inflow ring is dilated with a
balloon catheter. However, the balloon should only be in
contact with the inflow ring and not the prosthetic leaflets
during inflation. Furthermore, HALT and RLM have been
observed in both balloon-expandable and self-expandable
transcatheter valves.1–3 Another theory relates to the fact
that degenerated native valve material is not removed during

TAVI procedures, which may increase the risk for HALT and
RLM because the remnant native valve may be a procoagu-
lant.1 However, in the current report, the prevalence of HALT
and RLM was high despite excision of the native valve
followed by complete decalcification. We found that patients
with RLM were younger than patients with normal leaflet
motion; however, previous data regarding the association
between age and RLM are conflicting.4

Clinical Implications of HALT and RLM
The potential clinical consequences of HALT and RLM in
bioprostheses in general and the Perceval sutureless valve in
particular are uncertain, and only 1 previous report has shown
an association between RLM and cerebrovascular events.4

The incidence of stroke after Perceval sutureless valve
implantation has been reported to be low and comparable
to the incidence after conventional stented surgical biopros-
thesis implantation.20,21 Implantation of the Perceval suture-
less valve has been associated with satisfactory
hemodynamic performance without any overall increase in
transvalvular gradients over time, and a low incidence of
adverse events such as structural valve degeneration or
clinically apparent valve thrombosis.20,21 However, maximum
follow-up is currently limited to 5 years with very few patients
followed for more than 2 years postoperatively, which
prohibits definitive conclusions regarding clinical outcomes.
The potential for increased risks of adverse events related to
HALT and RLM warrants systematic investigation.5

Limitations and Strengths
This was a single-center observational study with the aim to
investigate the prevalence of HALT and RLM in the Perceval
sutureless bioprosthesis and it was not designed to find
predictors of, nor adverse events associated with, these
phenomena. The study might have been underpowered to
detect differences regarding patient characteristics, postop-
erative outcomes, and anticoagulation treatment. It is note-
worthy that several patients receiving anticoagulation therapy
at the time of the CT scan demonstrated HALT as well as RLM.
Patients were not included in the study at the time of valve
replacement and therefore the time intervals between AVR
and CT examinations varied considerably. Furthermore, no
echocardiographic analyses were performed as a part of this
study. Because the Perceval sutureless prosthesis has
similarities with both conventional surgical as well as
transcatheter aortic bioprostheses, investigation of HALT
and RLM of this prosthesis is of particular interest. Other
strengths of this study include the high proportion of included
patients and a very low rate of nondiagnostic cardiac CT
examinations.
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Conclusion
HALT and RLM were frequent findings in the Perceval
sutureless bioprosthesis. HALT was found in all patients with
RLM. Both HALT and RLM were found in patients with ongoing
anticoagulation treatment. Whether these CT findings are
associated with adverse events is currently unknown and
needs further study.
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SUPPLEMENTAL MATERIAL 
 

 

 



Data S1. 

Supplemental Methods 

Perceval sutureless aortic valve bioprosthesis 

The biologic component consists of glutaraldehyde-fixed bovine pericardium treated with 

homocysteic acid and the stent is made of an elastic nickel-titanium alloy covered by Carbofilm 

(LivaNova). The design features one proximal and one distal ring segment and nine vertical 

struts designed to support the valve and allow the prosthesis to anchor to the aortic root and the 

sinus of Valsalva. The stent supports the valve and holds it in place without the need for 

suturing. To aid the positioning of the prosthesis into the aortic annulus, the inflow ring has 

three loops through which temporary guiding sutures are passed. At the back table before 

implantation, the valve is collapsed with a device-specific system provided by the manufacturer 

and after temporary deformation the valve can return to its original shape owing to elastic alloy 

design. 

 

Sutureless surgical aortic valve replacement 

A transverse aortotomy approximately 3.5 cm above the aortic annulus was performed. After 

removal of the native valve leaflets, complete decalcification of the annulus was performed. 

Product-specific seizers were used to estimate annular size. Three guiding sutures were placed 

at the nadir of each valve sinus and passed through the corresponding loops in the inflow ring of 

the valve prosthesis. At the back table, the prosthesis was collapsed and loaded onto the delivery 

device. The valve was released at the level of the aortic annulus, followed by dilation of the 

inflow ring segment with a specifically designed balloon catheter at 4 atm for 30 s. The guiding 

sutures were removed and the aortotomy closed. After weaning from cardiopulmonary bypass, 

intraoperative transesophageal echocardiography was performed to confirm correct positioning 

of the prosthesis. 

 

 



Cardiac computed tomography data acquisition 

All patients were informed to avoid nicotine and caffeine 4 hours prior to the cardiac CT 

examination. For patients without any contraindications and with a systolic blood pressure >110 

mmHg, oral metoprolol (50 mg if heart rate 60-65 bpm, 100 mg if heart rate >65 bpm) was 

administered 1 hour prior to scheduled CT examination. A 16-gauge peripheral venous catheter 

was inserted into the antecubital vein. ECG leads were placed midclavicular and lateral.  

 

All patients were scanned by using a dual source 2x64 row multidetector computed tomograph 

(Siemens Somatom Definition Flash, Siemens Healthcare, Forchheim, Germany). Scanning 

parameters were as follows: retrospective ECG gating, 100-120 kVp, automatic dose modulation 

(CARE Dose), full dose R-R scanning (no ECG mA modulation), quality reference 370 mAs, 64 x 

0.6 mm detector collimation, 0.28 seconds rotation time (75 ms temporal resolution). In order to 

reduce the risk of arrhythmia during scanning the iso-osmolar intravenous contrast medium 

(CM) iodixanol 320 mg iodine per mL (Visipaque, GE Healthcare, Stockholm, Sweden) was used. 

The intravenous CM was injected with a fixed injection time of 8 seconds and a dose of 200 mg 

iodine/kg body weight. This resulted in a dose variation of 31-50 ml with an injection rate of 3.9-

6.3 ml per second. For patients examined with 120 kVp, another 20% was added to the 

calculated individual CM dose, in order to compensate for the lower level of x-ray attenuation of 

the CM molecule at 120 kVp compared to 100 kVp. This resulted in a maximum CM dose of 60 

ml. Delay time was defined by using the test bolus technique: 10 ml of iodixanol 320 mg 

iodine/ml was injected at the same individual injection rate calculated for the cardiac CT 

examination. Monitoring scans were obtained every second. A delay of 2 seconds was added to 

the time to peak automatically calculated by the CT scanner analysis program from a 10 mm 

region of interest placed in the ascending aorta. 

 

All acquired CT data was reconstructed to 0.75 mm slice thickness with an increment of 0.4 mm 

at 5% intervals (20 phases) throughout the R-R interval and at best systolic and diastolic phase. 



All reconstructed image data was transferred to a dedicated workstation (Advantage 

Workstation, ADW 4.6, GE Healthcare, Milwaukee, USA) for post-processing and time resolved 

volume rendering (VR). In order to simplify the transformation of the time-resolved image data 

set into dynamic VR reconstructions, four different 3D presets were created, corresponding to 

different levels of intravenous CM enhancement, measured as Hounsfield units (HU), in the 

ascending aorta. The 5% acquisition data set was used for the creation of time-resolved 4D VR. A 

2-image 3D VR was made from the best systolic and diastolic phase (one en face VR image at 

maximal leaflet opening and one in diastole). 

 

Cardiac computed tomography analysis 

Cardiac CT data analysis was performed using the syngo.via software (Siemens Healthcare) on a 

PACS workstation. The optimal image display setting for leaflet visualization was chosen on an 

individual basis, but in general at a window width of 800–1200 Hounsfield units (HU) and a level 

of 200–300 HU. 

 

In the presence of HALT, the maximum thickness of the cusp was measured in mid-diastole, 

using a 1-mm MPR perpendicular to the aortic annulus and to the cusp to be analyzed. The 

prosthetic valve leaflets were defined according to their location relative to the sinus of Valsalva: 

right cusp, left cusp, and non-coronary cusp and the number of affected cusps was noted. 

 

During subsequent separate reading sessions, the two readers performed additional analyses of 

leaflet motion, with access only to three-dimensional (3D) volume-rendered (VR) images of the 

aortic-valve bioprosthesis, blinded to findings of previous MPR analyses. First, they had access 

to two 3D VR en face images of the aortic valve prosthesis: one image in diastole and one image 

at maximal leaflet opening, similar to analyses previously described. In a final reading, 

assessment of leaflet motion was based on time-resolved VR (4D VR) images. 

 



Supplemental Results  

Validation of computed tomography evaluation methods 

When comparing two independent readers’ assessment of RLM, based on time-resolved MPR 

images of 46 patients, there was 100% agreement (Cohen´s kappa 1.0). Interobserver agreement 

regarding the presence of HALT, based on still MPR images, was almost complete (overall 

agreement 96%, Cohen´s kappa 0.91, 95% CI 0.78-1.0). 

 

Evaluation of RLM based on 3D VR images alone correlated with findings based on thorough 

assessment of MPR, but interobserver variability was greater. For assessment of two VR en face 

images of the bioprosthesis (one in diastole and one at maximal leaflet opening; Figure 7) the 

proportion of overall agreement with MPR analysis was 85% (Cohen’s kappa 0.68, 95% CI 0.47-

0.89). For assessment of leaflet motion based on time-resolved VR (4D VR, Supplementary video 

4-7) images overall agreement with MPR analysis was 89% (Cohen’s kappa 0.76, 95% CI 0.57-

0.95). Interobserver agreement was moderate and identical for the two methods of assessment 

based on VR images alone (overall agreement 76%, Cohen’s kappa 0.54, 95% CI 0.33-0.75). No 

cases of RLM were missed when evaluating VR images alone, but there were false positive cases 

as compared with MPR assessments. We found 3 false positive cases for diastolic vs. systolic VR 

images, and 3 false positive cases for 4D VR images.



Table S1. Prosthesis size 

 

Total 

population 

(n=47) 

No HALT 

(n=29) 

HALT 

(n=18) 
p Value 

Normal  

leaflet motion 

(n=33) 

RLM 

(n=13) 
p Value 

Prosthesis size     

Small 
4/47 (9%) 

2.04 (0.66) 

4/4 (100%) 

2.04 (0.66) 
0 - 

4/4 (100%) 

2.04 (0.66) 
0 - 

Medium 
18/47 (38%) 

1.85 (0.37) 

11/18 (61%) 

1.95 (0.35) 

7/18 (39%) 

1.69 (0.36) 

 

0.15 

14/18 (78%) 

1.93 (0.36) 

4/18 (22%) 

1.56 (0.25) 

 

0.068 

Large 
20/47 (43%) 

2.27 (0.34) 

11/20 (55%) 

2.48 (0.28) 

9/20 (45%) 

2.04 (0.24) 

 

0.002 

12/19 (63%) 

2.37 (0.36) 

7/19 (37%) 

2.10 (0.23) 

 

0.093 

Extra large 
5/47 (11%) 

2.37 (0.51) 

3/5 (60%) 

2.13 (0.52) 

2/5 (40%) 

2.73 (0.32) 

 

0.25 

3/5 (60%) 

2.13 (0.52) 

2/5 (40%) 

2.73 (0.32) 

 

0.25 

Implanted prosthesis size and prosthetic valve opening area in relation to HALT and leaflet motion in 47 patients who underwent computed 

tomography at different time points after surgical aortic valve replacement with the Perceval sutureless aortic valve bioprosthesis. Data are n (%) and 

mean aortic valve area (standard deviation) in cm2. HALT = hypo-attenuated leaflet thickening; RLM = reduced valve leaflet motion. 



 

Figure S1. Perceval Sutureless Aortic Valve Bioprosthesis (LivaNova, Milan, Italy). 

 



 

 

 

Figure S2. Cardiac Computed Tomography Multiplanar Reformatted Reconstructions of a 

Perceval Sutureless Aortic Valve Bioprosthesis in Mid-diastole. 

The non-coronary cusp (panel A) was normal, with no signs of hypo-attenuated leaflet 

thickening. The left cusp (panel B) was markedly thickened with hypo-attenuated leaflet 

thickening. The maximum leaflet thickness was 5 mm (panel C). The three-valve leaflets are 

shown simultaneously; two of them normal and the left cusp with hypo-attenuated leaflet 

thickening (panel D). 



 

 

Figure S3. Multiplanar Reformatted Reconstructions for Evaluation of Leaflet Motion in a 

Perceval Sutureless Aortic Valve Bioprosthesis. Top panels show images in diastole and bottom 

panels show images of maximum leaflet opening in systole. Images to the left show the normal 

right cusp (white circle) in diastole (panel A) and fully open in systole (panel B). Images to the 

right show the non-coronary cusp (dashed circle) of the same patient in diastole (panel C) and 

with reduced leaflet opening in systole (panel D). Hypo-attenuated leaflet thickening of the non-

coronary cusp was also present. Dynamic images are presented in Videos S1A–D, 2A–B, 3A–D. 

 



 

Figure S4. 3D Volume-rendered en face Images of the Perceval Sutureless Aortic Valve 

Bioprosthesis. Top panels show images in diastole and bottom panels show images in systole. 

Images to the left show a normal bioprosthesis in diastole (panel A) and in systole (panel B). To 

the right, a bioprosthesis with reduced motion of the right cusp (white arrow) is shown in 

diastole (panel C) and in systole (panel D). Dynamic 4D volume-rendered images are presented 

in Videos S4–S7). 

 



Video Legends: 

 

Videos S1A-D: Cardiac computed tomography (CT) dynamic multiplanar reformatted 

reconstructions (MPR) of a Perceval sutureless aortic valve bioprosthesis, with normal motion of 

all three leaflets. Preferred program for viewing: VLC Media Player. S1A) Images reconstructed 

in the opening plane of the valve, throughout the cardiac cycle, showing normal motion of all 

three leaflets. S1B) Images reconstructed perpendicularly to the right cusp, throughout the 

cardiac cycle, showing normal motion of the right cusp (located to the left in the dynamic 

images). S1C) Images reconstructed perpendicularly to the left cusp, throughout the cardiac 

cycle, showing normal motion of the left cusp (located to the left in the dynamic images). S1D) 

Images reconstructed perpendicularly to the non-coronary cusp, throughout the cardiac cycle, 

showing normal motion of the non-coronary cusp (located to the right in the dynamic images). 

 

Videos S2A-B: Cardiac computed tomography (CT) dynamic multiplanar reformatted 

reconstructions (MPR) of a Perceval sutureless aortic valve bioprosthesis, with reduced leaflet 

motion of one cusp. Preferred program for viewing: VLC Media Player. S2A) Images 

reconstructed in the opening plane of the valve, throughout the cardiac cycle, showing reduced 

leaflet motion of the left cusp and normal leaflet motion of the other two cusps. S2) Images 

reconstructed perpendicularly to the left cusp, throughout the cardiac cycle, showing markedly 

reduced motion of the left cusp (located to the right in the dynamic images). Hypo-attenuated 

leaflet thickening of the left cusp is present. 

 

Videos 3A-D: Cardiac computed tomography (CT) dynamic multiplanar reformatted 

reconstructions (MPR) of a Perceval sutureless aortic valve bioprosthesis, with reduced leaflet 

motion of two cusps. Preferred program for viewing: VLC Media Player. S3A) Images 

reconstructed in the opening plane of the valve, throughout the cardiac cycle, showing reduced 

leaflet motion of the left and right cusps and normal leaflet motion of the non-coronary cusp. 



S3B) Images reconstructed perpendicularly to the left cusp, throughout the cardiac cycle, 

showing reduced motion of the left cusp (located to the right in the dynamic images). Hypo-

attenuated leaflet thickening of the left cusp is present. S3C) Images reconstructed 

perpendicularly to the right cusp, throughout the cardiac cycle, showing reduced motion of the 

right cusp (located to the right in the dynamic images). Hypo-attenuated leaflet thickening of the 

right cusp is present, involving only the basal parts of the leaflet. S3D) Images reconstructed 

perpendicularly to the non-coronary cusp, throughout the cardiac cycle, showing normal motion 

of the non-coronary cusp (located to the left in the dynamic images). 

 

Videos S4-7: Cardiac computed tomography (CT) time-resolved volume rendered (4D VR) en 

face images of four different Perceval sutureless aortic valve bioprostheses. Preferred program 

for viewing: VLC Media Player. 

 

Video S4: Aortic valve bioprosthesis with normal motion of all three leaflets, throughout the 

cardiac cycle. 

 

Video S5: Aortic valve bioprosthesis with normal motion of all three leaflets, throughout the 

cardiac cycle. 

 

Video S6: Aortic valve bioprosthesis with reduced leaflet motion of the left cusp. 

 

Video S7: Aortic valve bioprosthesis with reduced leaflet motion of the right cusp. Reduced 

motion is also present in a portion of the left cusp, but not in the entire cusp (which is more 

reliably evaluated using multiplanar reformatted images). 


