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Transthoracic (TTE) and transesophageal echocardiography (TEE) are the standard
techniques for the evaluation of prosthetic valve function. However, quantitative
evaluation of leaflet(s) motion is not routinally carried out, although leaflet(s) opening
and closing angle measurements are important information to recognize prosthetic
dysfunction. For this purpose, cinefluoroscopy is considered the “gold standard”
technique. The aim of this study was the evaluate the diagnostic accuracy of TTE and
TEE in the quantitative assessment of leaflet motion in patients with mechanical
protheses. One hundred-eleven patients with mitral (single disk 18; bileaflet 48) and
aortic (single disk 22; bileaflet 23) prostheses, were referred to TTE, TEE, and
cinefluoroscopy for electrical cardioversion of atrial fibrillation (n = 40) or suspected
prosthesis dysfunction (n = 71). Echocardiographic evaluation included leaflet(s)
opening and closing angle measurements; results were compared with cinefluoros-
copy. For mitral prostheses, opening and closing angles were correctly identified by
TTE in 85% and by TEE in 100% of patients, regardless of prosthetic valve type, with
a good concordance with cinefluoroscopy. For aortic prostheses, opening angles were
correctly identified by TTE and TEE, respectively, in 40% and 77% of patients with
single-disk and in 13% and 35% of patients with bileaflet prostheses. Both TTE and
TEE were rarely able to identify closing angles. In conclusion, quantitative evaluation
of mitral leaflet(s) motion may be accurately achieved with TTE and TEE, leading to
increased diagnostic efficacy of prosthetic valve dysfunction. In the aortic position,
TTE and TEE allow a quantitative evaluation of leaflet(s) dynamics only in a minority of

patients and cinefluoroscopy still remains the first-choice technique.
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The aim of this study was to examine the roles of transtho-
racic echocardiography (TTE) and transesophageal echocar-
diography (TEE) in the quantitative assessment of leaflet
motion in patients with either normally functioning mechan-
ical valve prostheses or clinically suspected prosthetic valve
thrombosis (PVT). The results were compared with those
obtained with cinefluoroscopy, the “gold standard” tech-
nique for the evaluation of prosthetic leaflet motion.

From June 2001 to January 2004, 111 consecutive patients
(mean age 61 * 12 years; 65 women) with mitral (n = 66;
single-disk 18; bileaflet 48) and aortic (n = 45; single-disk
22; bileaflet 23) prostheses were enrolled into the study.
Patients underwent TTE, TEE, and cinefluoroscopy as part
of a specific diagnostic workup before the electrical cardio-
version of atrial fibrillation (n = 40) or for suspected PVT
(n = 71). Patients’ characteristics are reported in Table 1.
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Table 1
Patient characteristics (n = 111)
Characteristic Value
Age (yrs) 61*+12
Men/women 46/65
Prosthesis type
Bileaflet 71 (64%)
Mitral 48 (67%)
Aortic 23 (33%)
Single-disk 40 (36%)
Mitral 18 (45%)
Aortic 22 (55%)
Atrial fibrillation 40 (36%)
Suspected prosthesis dysfunction 71 (64%)
Heart failure 44 (62%)
Aortic Doppler mean gradient >30 mm Hg 14 (20%)
Embolic events 4 (5%)
Infective-like disease 9 (13%)

Each patient underwent TTE, cinefluoroscopy, and TEE on
the same day. TTE was usually carried out first. The local
ethics committee approved the study protocol, and written
informed consent was obtained from each patient.
Two-dimensional and Doppler echocardiographic stud-
ies (TTE) were performed using a Hewlett-Packard (Palo
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Figure 1. Normally functioning aortic bileaflet prosthesis. Closing angle and opening angle in apical 5-chamber transthoracic view (top panels), opening angle
by cinefluoroscopy (bottom left panel) and by TEE long-axis view at 127° (bottom right panel). Ao = aorta; LV = left ventricle.

Alto, California) ultrasound unit (Sonos 5500, M2424A);
the system has 2.5- and 3.5-MHz transducers (2-dimen-
sional echocardiography) and 2.0-, 2.5-, and 1.9-MHz trans-
ducers for pulsed, continuous steerable, and stand-alone
continuous Doppler, respectively. A complete 2-dimen-
sional echocardiographic evaluation was performed to visu-
alize leaflet prosthetic motion in multiple cross-sectional
views. The continuous-wave mode was used to study flow
across the prosthetic valves. Mean pressure gradients were
obtained by planimetry of the Doppler velocity envelope with
the software package of the ultrasound unit. Effective orifice
mitral area was calculated with the pressure halftime
method, and effective orifice area for aortic prostheses was
calculated by the continuity equation: A2 = Al X VT1/
VT2, where Al is the subaortic cross-sectional area, VT1 is
the subaortic velocity integral, and VT2 is the transaortic
velocity integral.

TEE was performed with 5-MHz or 5- to 6.2-MHz mul-
tiplane probes inserted into the esophagus and connected to
the echocardiographic system. TEE was performed with the

patient in the left lateral position; aerosolized lidocaine for
local anesthesia of the oropharynx and intravenous midazo-
lam were administered before the introduction of the probe.
A complete examination of prostheses included lower and
upper esophageal and transgastric views. The entire sewing
ring and the leaflets of the prostheses were scanned in the
upper esophagus for aortic prostheses and in the lower
esophagus for mitral prostheses, through the electronic ro-
tation of the transducer (0° to 180°). The criteria for mitral
or aortic PVT were evidence of thrombus or pannus with or
without altered mobility of the leaflets and abnormal wash-
ing jets through the prostheses. Thrombus was defined as a
distinct mass of abnormal echoes attached to the prostheses
and clearly seen throughout the cardiac cycle, and distinc-
tion between thrombus and pannus was identified by clinical
characteristics (the duration of symptoms, anticoagulation
status), by echocardiographic parameters (thrombi are in
general larger than panni), and by qualitative and quantita-
tive ultrasound intensity.!



96 The American Journal of Cardiology (www.AJConline.org)

Figure 2. Normal functioning mitral bileaflet prosthesis: opening (top panels) and closing (bottom panels) angles in transthoracic apical 4-chamber view (left),

TEE view (middle), and cinefluoroscopy (CF) (right).

Cinefluoroscopy was performed with Toshiba CAS10
equipment (Toshiba Medical Systems Corporation, Tokyo,
Japan), as previously described.?? The evaluation was con-
sidered appropriate when the prosthetic tilting disk projec-
tion (i.e., with the x-ray beam parallel to the valve ring plane
and the tilting axis of the disks) was obtained. This view
allows the proper visualization of prosthetic leaflet motion
so that opening and closing angles can be calculated. When
the tilting disk projection was obtained, a short cinefluoro-
scopic film (usually 3 to 10 cardiac cycles) at 50 frames/s
was recorded. Frames of interest were selected, magnified,
and printed with a Polaroid camera (Polaroid Corporation,
Waltham, Massachusetts) connected to the video analyzer.

Opening and closing angles were defined as the distance
between the valve housing and the disk at its full opening
and closing in single-disk valves and as the distance be-
tween leaflets in the fully open and closed positions for
bileaflet valves (Figures 1 and 2). Values of opening and
closing angles were calculated as the mean of 3 (during
sinus rhythm) or 5 (during atrial fibrillation) consecutive
cardiac cycles measurements.

A test was considered feasible when opening and closing
angles were detectable. A test was considered accurate
when measurements were similar to those obtained by cine-

fluoroscopy, the reference technique. The fluoroscopic cri-
terion for prosthetic valve obstruction was the persistent
restriction of leaflet motion with a calculated opening angle
greater than the mean (+2 SDs) values obtained in a refer-
ence group of patients with normally functioning valves of
the same type and size.3

Variables are presented as mean * 2 SD. All analyses
were performed using SAS statistical software (SAS Insti-
tute Inc., Cary, North Carolina). Chi-square analysis was
used for nominal data. The Bland-Altman test was used to
compare opening and closing angles obtained with TTE,
TEE, and cinefluoroscopy. A p value <0.05 was considered
statistically significant.

Normal and abnormal prosthetic function (cinefluoros-
copy) was found in 71 and 40 patients, respectively. Overall,
the feasibility of leaflet motion assessment was greater with
TEE than with TTE, for mitral compared with aortic prostheses
and for single-disk compared with bileaflet valves (Figure 3).
When feasible, results were well comparable with those ob-
tained with cinefluoroscopy (Figure 4 and Table 2), and diag-
nostic accuracy was increased by adding leaflet motion eval-
uation to the initial Doppler study (Table 3).

Leaflet movement identification and opening angle cal-
culations were made by TTE in 85% of mitral prostheses
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Figure 3. Feasibility of opening angle and closing angle measurements of TTE (white bars), TEE (gray bars), and cinefluoroscopy (dashed gray bars) in aortic
and mitral prostheses. BLP = bileaflet prosthesis; SDP = single-disk prosthesis.
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Figure 4. Comparison of opening angle (OA) and closing angle (CA) with TTE (A, B, C) and TEE (D, E, F) for mitral prostheses (left, middle) and aortic

prostheses (right). CF = cinefluoroscopy.
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Table 2
Sensitivity, specificity, and negative and positive predictive values
of TTE and TEE

Variable TTE TTE TEE
Doppler Study Disk Motion
Sensitivity
Aortic prostheses 64% 64% 85%
Mitral prostheses 71% 82% 100%
Specificity
Aortic prostheses 77% 93% 100%
Mitral prostheses 100% 100% 100%
Negative predictive value
Aortic prostheses 83% 85% 94%
Mitral prostheses 83% 88% 100%
Positive predictive value
Aortic prostheses 56% 81% 100%
Mitral prostheses 100% 100% 100%

(72% of single-disk prostheses and 89% of bileaflet pros-
theses). Conversely, closing angles were obtained by TTE
in 50% of cases (72% of single-disk prostheses and 41% of
bileaflet prostheses). TEE correctly identified opening and
closing angles in all patients, regardless of prosthetic type
(Figure 3).

Calculated opening and closing angle values showed
good correlation with values obtained with cinefluoroscopy
in normal and abnormal prostheses. The Bland-Altman
analysis showed low variability between opening and clos-
ing angle values calculated by TTE or TEE and by cine-
fluoroscopy. Mean errors of underassessment of —2.8 =*
8.3° with TTE (p = 0.03) and —1 £ 5.6° with TEE (p =
0.1) were found.

Leaflet movement identification and opening angle cal-
culations were made by TTE in 24% of aortic prostheses
(40% of single-disk prostheses and 13% of bileaflet pros-
theses), whereas closing angles were obtained in only 16%
of cases. Opening angles were identified by TEE in 55% of
aortic valves (77% and 35% of single-disk and bileaflet
valves, respectively), and closing angles were obtained in
27% of cases (50% of single-disk prostheses and only 4% of
bileaflet prostheses) (Figure 3).

In 2 cases (9%) with bileaflet prostheses and normal
pressure gradients in whom echocardiographic evaluations
were unsuccessful, cinefluoroscopy identified significant re-
duction of the opening angle of 1 disk. One patient under-
went reoperation for concomitant coronary artery disease
and was found to have subvalvular pannus ingrowth as the
cause of disk motion alteration. The second patient refused
reintervention and was discharged on medical treatment.

Calculated opening and closing angle values showed
good correlation with values obtained with cinefluoroscopy
in normal and abnormal prostheses. Bland-Altman analysis
showed a low variability of the differences between opening
angles calculated by TTE and TEE and by cinefluoroscopy,
with mean errors of underassessment of —2.4 £ 9.8° with
TTE (p = 0.4) and 0.2 = 6.4° with TEE (p = 0.8).

Of the 40 patients with proved prosthetic dysfunction, 2
underwent thrombolysis with success (indirect confirmation
of thrombus), and 38 underwent reoperation. In each
case, intraoperative findings confirmed the diagnosis of
PVT.

The aim of this study was threefold: to investigate feasibil-
ity (i.e., the percentage of patients in whom leaflet excursion
could be identified and calculated); to evaluate the accuracy
of leaflet motion assessment by TTE and TEE (i.e., a com-
parison of values obtained by this technique with those
obtained by cinefluoroscopy); and to explore the additional
role of this information on test diagnostic accuracy (i.e., the
effects of leaflet motion assessment on the sensitivity, spec-
ificity, and negative and positive predictive values of ultra-
sound workup for suspected PVT).

Overall, the quantitative assessment of leaflet motion by
ultrasound was feasible and accurate and improved diag-
nostic accuracy for PVT. However, when results were eval-
uated according to the type of ultrasound technique used
(TTE vs TEE), the site (aortic vs mitral), and the type of
implanted prostheses (single disk vs bileaflet), significant
differences were found.

In mitral prostheses, leaflet motion analysis was feasible
by TTE and TEE in most patients. However, TEE had a
higher rate of success than TTE for single-disk and bileaflet
prostheses (Figure 3). When feasible, a fairly good concor-
dance of opening and closing angle values with those ob-
tained by cinefluoroscopy was detected by Bland-Altman
analysis. This suggests that TTE and TEE are valid alter-
native methods to cinefluoroscopy to assess leaflet motion
in patients with artificial valves in the mitral position.*>
After the initial Doppler evaluation, sensitivity and speci-
ficity for PVT were 71% and 100%, respectively. When
2-dimensional leaflet motion analysis was added, sensitivity
increased to 82%. This was the result of the identification of
reduced leaflet motion in patients believed to have normally
functioning prostheses according to normal Doppler pres-
sure gradient. This led to the reclassification of these
cases as “true-positive” results, with an increase in neg-
ative predictive value to 88%. This specific condition,
called “Doppler-silent PVT,” has been detected by cine-
fluoroscopy in up to 35% of patients with PVT and mitral
bileaflet prostheses.®7 A potential explanation is the favor-
able design of bileaflet prostheses, which allows the main-
tenance of near-normal transprosthesis blood flow (and re-
lated pressure gradient), even in the case of severe
hypomobility or a block of 1 disk. Thus, initial echocardio-
graphic evaluation should systematically include Doppler
and 2-dimensional leaflet motion assessment.

Analysis of leaflet motion by TEE confirmed the results
obtained with TTE. The additional improvement in test
sensitivity by TEE was entirely due to the identification of
“nonobstructive” PVT cases (normal pressure gradient, nor-
mal leaflet motion), as reported by Gueret et al.® This
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Table 3

Opening angle (OA) and closing angle (CA) values by cinefuoroscopy (CF), TTE, TEE and Doppler gradients

Site, Type of Prosthesis, and  Patients (n) OA TTE (°) OATEE(°®) OACF(°®) CATTE(®) CATEE(°) CACF(°) Mean Gradient
Leaflet Motion (mm Hg)
Mitral, single-disk, normal 11 61 =9 61 £ 11 61 =10 0 0 0 4x£2
Mitral, single-disk, abnormal 7 37+ 6 37+ 4 41 =1 0 0 0 8§ +1
Mitral, bileaflet, normal 27 16 =5 16 =5 19+6 126 = 14 129 = 11 129 £ 9 6=*+2
Mitral, bileaflet, abnormal 21 80 + 22 83 £ 16 87 + 14 123 = 10 136 = 6 133 =8 12=*5
Aortic, single-disk, normal 18 55+ 11 56 +9 54 +8 0 0 0 24 + 14
Aortic, single-disk, abnormal 4 43 =4 41 = 1 45+ 0 0 0 0 34+t6
Aortic, bileaflet, normal 15 — 13£5 17 =5 — — 1315 23 =12
Aortic, bileaflet, abnormal 8 — 20(n=1) 25(n=1) — — 78 (n=1) 68 = 12

Data are expressed as mean *= SD.

Figure 5. Patient with bileaflet mitral prosthetic thrombosis: opening angle
and closing angle by TEE (left) and opening angle and closing angle by
cinefluoroscopy (right). Thrombus in left atrial appendage is demonstrated
by TEE.

confirms that the primary role of TEE in the diagnostic
workup of patients with suspected mitral PVT is the direct
identification and characterization of thrombus type, size,
and location to appropriately guide treatment strategy °-13
(Figure 5). The positive predictive value of combined TTE
and TEE was maximal at each step of the diagnostic
workup, indicating that an abnormal Doppler result (either
obstruction or regurgitation) is always the result of a throm-
botic process .

In aortic prostheses, the overall feasibility of leaflet mo-
tion analysis was significantly less than in mitral valves for
TTE (24% vs 85%) and TEE (55% vs 100%). This was
particularly true for patients with bileaflet valves, the most
implanted prosthesis worldwide, in whom opening angle
analysis was successfully carried out with TTE and TEE in
only 13% and 35% of cases, respectively. Anatomic and
technical reasons make the alignment of the TEE ultrasound
transducer with the moving parts of single or bileaflet pros-
theses difficult,' especially if implanted with antianatomic

orientation (i.e., leaflets perpendicular to the septum). This
is the recommended orientation if a hypertrophic septum is
present to avoid interference with the leaflet opening. Sim-
ilar observation has been previously reported by Shapira et
al.!> Thus, leaflet mobility assessment is not feasible in a
consistent proportion of patients with aortic prostheses by
TTE and TEE. Cinefluoroscopy should always be part of the
diagnostic workup in these cases.!® As for mitral prostheses,
a fairly good concordance of values between ultrasound and
cinefluoroscopy was detected.

After the initial Doppler evaluation, sensitivity and spec-
ificity for PVT were 64% and 77%, respectively. In contrast
to mitral valves, 2-dimensional leaflet motion analysis im-
proved specificity to 93%. This was the result of the iden-
tification of normal leaflet excursion in patients with large
Doppler pressure gradients that led to a reclassification as
“true-negative” results, with an increase of positive predic-
tive value to 81%. Hemodynamic (such as large stroke
volume) and prosthesis-related (small size, patient-prosthe-
sis mismatch, pressure recovery phenomenon) factors have
been reported to cause large transvalvular velocities in nor-
mally functioning prostheses.*!7-'®8 When in doubt, the rep-
etition of echocardiography or comparison with previous
tests (if available) may help differentiate functional from
organic changes. We found that the addition of 2-dimen-
sional leaflet evaluation is a useful, complementary test
to exclude or prove PVT. TEE further improved sensi-
tivity and specificity through the direct visualization of
the thrombotic process (Figure 6). Interestingly, in 2
patients with completely normal TTE and TEE evalua-
tions, cinefluoroscopy detected initial opening angle re-
ductions that were due to subvalvular pannus encroach-
ing on the sewing ring in 1 patient.

Two previous studies have been published examining
2-dimensional leaflet motion assessment in bileaflet me-
chanical prostheses. As in our study, successful analysis
was reported in all cases with mitral prostheses. In contrast,
a high rate (77%) of successful leaflet imaging was re-
ported for aortic prostheses by Shapira et al.!> The lack of
a quantitative analysis of disk motion and a comparison
with cinefluoroscopic results hamper comparison with
our study.
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Figure 6. Patient with bileaflet aortic prosthetic thrombosis: closing angle and opening angle on TTE short-axis view at 38° (top left, top middle) and on
cinefluoroscopy (bottom). Upper right panel shows thrombus (arrow).
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