
VALVULAR H
CLINICAL INVESTIGATIONS

EART DISEASE
From the Divi

S.M.), the De

Anesthesiolog

Department o

Medical Unive

Reprint reque

Cardiology, D

bruck, Austria

0894-7317/$3

Copyright 201

doi:10.1016/j.

966
Intracardiac Echocardiography: A New Guiding Tool
for Transcatheter Aortic Valve Replacement

Thomas Bartel, MD, Nikolaos Bonaros, MD, Ludwig M€uller, MD, Guy Friedrich, MD, Michael Grimm, MD,
Corinna Velik-Salchner, MD, Gudrun Feuchtner, MD, Florian Pedross, PhD,

and Silvana M€uller, MD, Innsbruck, Austria

Background: Echocardiography has been debated as an adjunct for transcatheter aortic valve replacement
(TAVR). The aim of this prospective study was to comparatively evaluate intraprocedural guidance using intra-
cardiac echocardiography (ICE) and transesophageal echocardiography (TEE).
Methods: Fifty high-risk patients with severe aortic stenosis scheduled for TAVR were randomized to either
guidance using ICE (group 1; n = 25) or monitoring using TEE (group 2; n = 25).
Results: In contrast to TEE, ICE allowed continuous monitoring. The need for probe repositioning during the
procedure was much lower in group 1 (0.1 6 0.3 vs 5.7 6 0.7 maneuvers, P < .001). Compared with TEE,
the transcaval intracardiac echocardiographic view provided higher coaxiality with the ascending aorta
expressed as the length of ascending aorta depicted (4.96 1.2 vs 6.16 1.2 cm, P = .003). Both coronary ostia
were more frequently visualized in group 1 (18 vs 2 cases, P < .001). ICE-derived annular measurements were
correlated closely with preinterventional readings on TEE (n = 25, r2 = 0.90, P < .001). TEE underestimated in-
traprocedural pressure gradients in comparison with preinterventional measurements (mean difference,
�10.2 6 11.1 mm Hg; n = 11, P = .012), but ICE did not (mean difference, �0.3 6 14.1 mm Hg; n = 25, P =
.913). ICE and TEE detected newly grown thrombi (2 vs 1 case). Severe complications (e.g., annular dissection,
pericardial effusion) were not observed.
Conclusions: ICE, which is compatible with sedation and local anesthesia, can be considered an alternative to
TEE for intraprocedural guidance during TAVR. It also seems to match the required work flow during TAVR
better than TEE. (J Am Soc Echocardiogr 2011;24:966-75.)
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Although conventional heart surgery remains the treatment of
choice in patients with symptomatic aortic stenosis, transcatheter
aortic valve replacement (TAVR) has been demonstrated to be a vi-
able alternative in a select high-risk population and, when successful,
results in marked hemodynamic and clinical improvement.1

However, the technique has been limited by technical constraints
and procedural risks.2 Transesophageal echocardiography (TEE) is
not only essential for preprocedural sizing of the aortic annulus
and for evaluation of valvular morphology and function3 but also
greatly facilitates the detection of intraprocedural complications
such as thrombus formation, the development of severe aortic re-
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gurgitation after valvuloplasty or pericardial effusion suggestive of
annular dissection and myocardial perforation, interference of the
prosthesis with anterior mitral leaflet motion and consecutive devel-
opment or worsening of mitral regurgitation, new wall motion ab-
normalities due to compression of a coronary ostium, and aortic
dissection or intramural hematoma formation.3 Although TEE has
emerged as a vital adjunct to fluoroscopy, its capabilities for guiding
the entire procedure have been found to be not optimal.4,5 This also
applies to the recently introduced guidance of TAVR using real-time
three-dimensional TEE. Because TAVR alone can now be performed
under only sedation and local anesthesia, TEE is often omitted.6,7 In
contrast, intracardiac echocardiography (ICE) does not require
general anesthesia, will most likely not interfere with fluoroscopy,
and can provide simultaneous guidance.8 In case studies and pre-
clinical tests, ICE was shown to be an effective alternative guidance
method for TAVR.5

Hypothesizing that both imaging techniques have advantages and
limitations, ICE and TEE were compared with respect to the intrapro-
cedural diagnostic information particularly important for safety and
technical success immediately before device deployment, during im-
plantation, and thereafter. Another goal of this investigation was to
evaluate how well the methods fit into the procedural work flow of
TAVR.

mailto:silvana.mueller@uki.at
http://dx.doi.org/10.1016/j.echo.2011.04.009


Abbreviations

ICE = Intracardiac
echocardiography

TAVR = Transcatheter aortic
valve replacement

TEE = Transesophageal

echocardiography
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METHODS

Population

Because they were very poor
candidates for standard surgical
valve replacement, a total of 53
consecutive patients with symp-
tomatic aortic stenosis and aortic
valve areas < 0.8 cm2 were to be
treated either by transapical ante-
grade or transfemoral retrograde TAVR in accordance with the joint
recommendations of the European Association of Cardiothoracic
Surgery and the European Society of Cardiology.9 Three patients
were excluded because transapical access (n = 1) or transfemoral ac-
cess (n = 2) could not be established as intended. Thus, the final study
population comprised 50 subjects in whom the Edwards Sapien
(Edwards Lifesciences, Irvine, CA) transcatheter heart valve was de-
ployed with the Ascendra delivery system, the RetroFlex II catheter,
or the NovaFlex catheter (all Edwards Lifesciences). The interven-
tional procedure was carried out under general anesthesia with endo-
tracheal intubation in all patients. Before the procedure, consecutive
patients scheduled for TAVR were randomized by alternately assign-
ing them to either guidance using ICE (group 1; n= 25) or monitoring
using TEE (group 2; n = 25). Splitting the population into two groups
was necessary because interactions make simultaneous ICE and TEE
in the same patient infeasible. All patients provided written informed
consent for both intervention and follow-up. Data collection was pro-
spective and was approved by the ethics committee of Innsbruck
Medical University (Innsbruck, Austria).
Echocardiography Before TAVR

The diagnosis of severe aortic stenosis was based on standard param-
eters, including ejection fraction measured by transthoracic echocar-
diography. On the basis of transthoracic five-chamber views, and in
some cases the suprasternal notch or right parasternal view, mean in-
stantaneous pressure gradients were calculated from velocities mea-
sured in the left ventricular outflow tract and the aorta using the
modified Bernoulli equation. The aortic valve effective orifice area
was calculated using the continuity equation.10 In all patients, prein-
terventional TEE served to detect cases of bicuspid aortic valve and
tomeasure themaximum posterior to anterior aortic valve annular di-
ameter in a zoomed early systolic midesophageal long-axis view at
110� to 150� rotation at the level of leaflet insertion.11 The size of
the prosthesis was in all cases based on transesophageal echocardio-
graphic measurements. An annular diameter of 18 to 21mmwas con-
sidered appropriate for a 23-mm prosthesis, and a diameter of 22 to
25 mm was considered suitable for a 26-mm prosthesis.
Computed Tomography and Invasive Diagnostics

Computed tomography was routinely performed to calculate the
x-ray system detector angulation. Optimal fluoroscopic visualization
was achieved by aligning the beam parallel to the annular plane
(i.e., by getting the cusps to superimpose on the image). This view fa-
cilitates precise alignment of the prosthetic valve with the native an-
nulus. Computed tomography was also used to evaluate the
morphology of the entire aorta and the aortic valve and to measure
the diameters of the iliac and femoral arteries. A vessel diameter of
8 mm was considered adequate for a 22Fr transfemoral sheath to ac-
commodate the 23-mmdiameter prosthetic valve and a diameter of 9
mm sufficient for a 24Fr sheath to accommodate the 26-mm diame-
ter prosthetic valve (RetroFlex II catheter). For the recently available
NovaFlex catheter, a vessel diameter of $7 mm was considered suf-
ficient. Short segments of noncalcified focal stenoses were not consid-
ered exclusion criteria for transfemoral access. All individuals
underwent left-heart and right-heart catheterization to measure stan-
dard hemodynamic parameters and instantaneous transvalvular pres-
sure gradients.
Intraprocedural ICE

For ICE performed, with an Acuson X300 PE ultrasound unit
(Siemens Medical Solutions, Erlangen, Germany), an 8Fr AcuNav
catheter (SiemensMedical Solutions) was introduced into the femoral
vein and advanced through the inferior vena cava to the entrance of
the superior vena cava into the right atrium. The highest frequency
available (10 MHz) was used. Turning the intracardiac echocardio-
graphic catheter counterclockwise, the transducer was aimed at the
neighboring ascending aorta and was locked with a slight anterior tilt
to obtain the longitudinal transcaval/transatrial view (Figure 1A) for
continuously displaying the sinotubular junction, aortic bulb, aortic
valve, and left ventricular outflow tract. Transcaval and transatrial lon-
gitudinal intracardiac echocardiographic views were used to measure
the posterior-to-anterior annular diameter, as in preinterventional
TEE,11 the maximum length of the ascending aorta depicted together
with the aortic valve in one view as a measure of coaxiality between
cut plane and ascending aorta, and transvalvular pressure gradients be-
fore intervention, after predilatation and after deployment of the pros-
thetic valve. Spectral Doppler analyses were performedwithout angle
correction. All datawere averaged from threemeasurements. The ICE
operator was blinded to the preinterventional transesophageal echo-
cardiographic measurement of annular size.

Longitudinal views were also used for qualitative evaluation of the
native valve and aortic morphology, for implantation of the valve
prosthesis, and for confirming the patency of the coronary ostia there-
after. The longitudinal view from the entrance of the superior vena
cava toward the right atrium was used as the primary intraprocedural
standard view on ICE. This viewwas helpful during guidewire passage
through the native valve, balloon predilatation, final adjustment, and
deployment of the valve prosthesis during TAVR. It also served to de-
tect possible complications and to evaluate prosthetic valve function,
especially to depict any paravalvular or transvalvular leaks. The sever-
ity of any regurgitation was qualitatively evaluated with a multipara-
metric approach based on color and continuous-wave Doppler, as
recommended by the American Society of Echocardiography.12

Any repositioning and minor readjustments of the intracardiac echo-
cardiographic catheter required for maintaining an adequate longitu-
dinal view were recorded. At the end of the interventional procedure,
the tip of the catheter was manipulated into the tricuspid valve orifice
at the level of the annulus to obtain the short-axis standard view of the
aortic valve to rule out aortic annular dissection and to again check for
transvalvular and paravalvular leaks (Figure 1B). Alternatively, a short
axis could be adjusted from the right atriumwith the catheter tip tilted
anteriorly. Thereafter, the intracardiac echocardiographic catheter
was advanced into the right ventricle for a transventricular long-axis
view of the left ventricle to assess the presence of pericardial effusion
and to visually estimate left ventricular ejection fraction13 as a final
check after prosthetic valve deployment. Manipulation of the catheter
was performed by the interventional operator, who is also an experi-
enced echocardiographic examiner meeting the level III criteria of the
American Society of Echocardiography.14 The ultrasonographic unit
was operated by an experienced ultrasonographic technician.



Figure 1 Longitudinal transcaval/transatrial (A) and short-axis
transatrial (B) standard intracardiac echocardiographic views
for TAVR. AAo, Ascending aorta; AC, AcuNav catheter; AVP,
aortic valve prosthesis; DAo, descending aorta; IVC, inferior
vena cava; LV, left ventricle; RA, right atrium; RV, right ventricle;
SVC, superior vena cava.
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Intraprocedural TEE

TEE was performed by another level III examiner using the same ul-
trasound unit used for ICE at a frequency of 7.0 MHz. Midesophageal
long-axis views at 110� to 150� rotation served as the main intrapro-
cedural views during TAVR and were used to facilitate wire passage
through the native valve and for comparative measurements of annu-
lar size, length of the section of ascending aorta depicted together
with the aortic valve to estimate coaxiality, and for visual estimation
of left ventricular ejection fraction13 as well as for qualitative assess-
ment of valvular morphology and function. All data were averaged
as described for ICE. Transesophageal short-axis views were used to
confirm proper prosthetic valve opening after deployment and to de-
pict the coronary ostia. To obtain transvalvular pressure gradients be-
fore and after predilatation as well as after prosthetic valve
deployment, deep transgastric or transgastric longitudinal views of
the aortic valve were used whenever feasible, and the Doppler
beam was aligned parallel to the left ventricular outflow tract.15

TEE was also used to exclude possible complications. As described
for ICE, any repositioning and minor readjustments of the probe
were recorded.
Statistical Analysis

Patient characteristics are summarized as frequencies and percentages
or as mean 6 SD. Qualitative data were analyzed using c2 tests with
one degree of freedom. Differences between frequencies were tested
using the binomial test. The Kolmogorov-Smirnov test was used to as-
sess normality. Differences between two unpaired groups were eval-
uated using t tests or Mann-Whitney U tests and for more than two
unpaired groups using analysis of variance or Kruskal-Wallis tests. If
necessary, a subinvestigation was done with a post hoc analysis
(Bonferroni) or Mann-Whitney U test. Differences between more
than two paired groups were calculated using the Friedmann test
and, if necessary, further subinvestigations using Wilcoxon’s tests.
Results are also displayed as Bland-Altman graphs.16 For annular di-
ameters comparatively measured in the same patients (group 1),
the paired sign test was used to assess the significance of the differ-
ence in observer variability between ICE and TEE. All reported P
values were two sided, and a type I error level of 5% was used. The
P value was adjusted with Bonferroni’s correction. Calculations
were performed using SPSS version 17 for Windows (SPSS, Inc.,
Chicago, IL) and StatView version 5 for Macintosh (SAS Institute
Inc., Cary, NC).

Observer Variability

Data from all patients were included in the variability study. To deter-
mine intraobserver variability, one observer analyzed and measured
intracardiac echocardiographic data, and another observer measured
transesophageal echocardiographic data. All measurements were re-
peated after a 4-week interval. Observers were blinded to the results
of the first measurements. To determine the interobserver variability
of both methods, a third observer independently analyzed and mea-
sured intracardiac echocardiographic data and a forth one transeso-
phageal echocardiographic data. From these four observers, the
second ICE and the second TEE observer were each blinded to the
results of the first observer. Analyses and measurements were per-
formed offline on the same images. Intraobserver and interobserver
variability were determined for aortic annular diameter, maximum
length of the ascending aorta depicted together with the aortic valve,
and transvalvular pressure gradients. Results are expressed as percen-
tile differences (100% � absolute difference between the measure-
ments/mean of the measurements).
RESULTS

Study Population

Baseline characteristics of the whole patient population as well as the
two groups are summarized in Table 1. Overall, the patients repre-
sented an extremely high-risk population with respect both to their
expected natural courses and for standard surgical valve replacement.
Groups 1 and 2 did not differ with respect to age, gender, body mass
index, New York Heart Association functional class, hemodynamics,
effective aortic valve area, left ventricular ejection fraction before
TAVR, logistic European System for Cardiac Operative Risk
Evaluation score,17 size of implanted valve prostheses, and access
course.

Procedural Outcome and Follow-Up After TAVR

Procedural success18 was achieved in all patients. One (2%)
procedure-related embolic stroke was observed after transfemoral
TAVR. One (2%) iliac artery dissection occurred after transfemoral
TAVR and was successfully treated by stent implantation. Overall,
there were three deaths (6%) occurring within 30 days (days 4, 17,
and 24) after transapical prosthetic valve deployment because of re-
spiratory, renal, and multiple-organ failure. No deaths after transfe-
moral TAVR have been observed. Second-degree atrioventricular
block did not occur, complete atrioventricular block requiring perma-
nent pacemaker implantation occurred in one patient (2%), and new
left bundle branch block without need for a permanent pacemaker
was seen in three patients (6%). Neither intraprocedural ST-
segment elevation myocardial infarction nor cases of endocarditis
were observed.

Comparative Echocardiographic Monitoring

No complications related to ICE or TEE occurred. Calculation of de-
tector angulation revealed positions between 5� right anterior obli-
que, 15� left anterior oblique, 10� cranial, and 10� caudal to be



Table 1 Baseline characteristics

Variable Overall (n = 50) Group 1 (n = 25) Group 2 (n = 25) P (groups)

Age (y) 81.3 6 6.1 79.9 6 6.6 82.8 6 5.4 .14
Men 18 (36%) 9 (36%) 9 (36%) NA

BMI (kg/m2) 25.2 6 4.3 24.5 6 4.3 26.0 6 4.3 .28
NYHA functional class 3.18 6 0.59 3.25 6 0.55 3.10 6 0.64 .43

Mean pressure gradient (mm Hg)* 48.1 6 12.4 45.9 6 10.2 50.4 6 14.2 .25

EAVOA (cm2)† 0.63 6 0.12 0.66 6 0.11 0.60 6 0.13 .14

LVEF (%)* 46.0 6 15.7 48.9 6 16.9 43.1 6 14.3 .25

EuroSCORE 30.8 6 15.5 29.7 6 16.9 31.9 6 14.3 .66

26-mm prosthesis implanted 24 (48%) 12 (48%) 12 (48%) NA

Transfemoral implantation 19 (38%) 10 (40%) 9 (36%) .79

BMI, Bodymass index; EAVOA, effective aortic valve orifice area; EuroSCORE, European System for Cardiac Operative Risk Evaluation; LVEF, left

ventricular ejection fraction; NA, not applicable; NYHA, New York Heart Association.

Data are expressed as mean 6 SD or as number (%).

*Transthoracic measurement before TAVR.
†Calculated using the continuity equation before TAVR.

Figure 2 Transesophageal echocardiographic viewing needs to be interrupted during valve deployment and the probe withdrawn
(A), because it would interfere with standard fluoroscopic viewing. After valve deployment, the probe is repositioned to assess the
functional result. However, the valve prosthesis is then concealed behind the probe (B).
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optimal. So as not to interfere with optimal fluoroscopic viewing,
transesophageal echocardiographic monitoring had to be interrupted
for preinterventional and postinterventional angiography of the as-
cending aorta, one to three balloon dilatations of the native valve,
for final positioning and if necessary repositioning of the balloon cath-
eter carrying the valve prosthesis immediately before valve deploy-
ment, for definitive implantation (Figure 2), and if necessary for
postdilatation of the implanted prosthetic valve. Each withdrawal
and repositioning of the transesophageal probe was explicitly
requested by the interventional operator. A few additional minor re-
adjustments were needed. In group 1, minor readjustments were re-
quired to the same extent, but almost no repositioning of the
intracardiac echocardiographic catheter (Table 2). Consequently, in
group 1, continuous ICE permitted simultaneous echocardiographic
and fluoroscopic viewing throughout the TAVR procedure, including
assessment of posterior-to-anterior aortic valve annular diameter
(Figure 3), guidewire crossing and predilatation of the stenotic valve,
final positioning of the valve prosthesis, and subsequent implantation.
The functional result was obvious (Figure 4) immediately after
balloon evacuation and withdrawal (e.g., the effectiveness of predila-
tation was clearly evident by significant regression of the pressure gra-
dient [Figures 5 and 6], and prosthetic valve opening and paravalvular
or transvalvular leakages were easily depicted [Table 2]). With TEE
(group 2), in some instances, the stent containing the valve and



Table 2 Comparative intraprocedural echocardiographic assessments

Parameter Group 1 (ICE) (n = 25) Group 2 (TEE) (n = 25) P

Repositioning of intracardiac echocardiographic catheter or transesophageal
echocardiographic probe*

0.1 6 0.3 5.7 6 0.7 <.001

Minor readjustments of intracardiac echocardiographic catheter or transesophageal

echocardiographic probe

3.7 6 1.2 3.1 6 0.8 .077

Severity of paravalvular leakage† 1.3 6 0.8 1.2 6 0.9 .853

Severity of transvalvular leakage† 0.2 6 0.4 0.1 6 0.2 .328

Depicted length of ascending aorta (cm)‡ 6.1 6 1.2 4.9 6 1.2 .003

Visibility of coronary ostia

RCA ostium visible 23 (92%) 3 (12%) <.001

LCA ostium visible 19 (76%) 18 (72%) .736

LCA and RCA ostia visible 18 (72%) 1 (4%) <.001

AV, Aortic valve; LCA, left coronary artery; RCA, right coronary artery.

Data are expressed as mean 6 SD or as number (%).
*Count of repositioning maneuvers throughout the procedure.

†Grade 1 = mild, grade 2 = moderate, grade 3 = severe.

‡Maximum length of the ascending aorta depicted on intracardiac or transesophageal echocardiographic windows together with the AV as amea-

sure of coaxiality.

Figure 3 Measurement of anterior-to-posterior annular diame-
ter in the longitudinal transcaval intracardiac echocardiographic
view (see Video 1 [see video clip online]). Ao, Aorta; LV, left
ventricle.
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the balloon on which the valve is mounted were hard to differentiate
because of the lower image resolution of TEE compared with ICE
because of the lower frequency of the transesophageal probe. On lon-
gitudinal intracardiac echocardiographic images, coaxiality between
the aorta and the valve balloon system was found to be better than
on the standard transesophageal view. The maximum length of the
ascending aorta depicted by ICE in group 1 together with the aortic
valve exceeded the length obtainable by TEE in group 2 (Table 2).
In group 2, Doppler quantitation of transvalvular flow velocities
was less often feasible in group 2 than in group 1, because obtaining
a stable transducer position for deep transgastric or transgastric longi-
tudinal transesophageal views with adequate alignment of the
Doppler beam toward the left ventricular outflow was challenging
and often took several minutes. Transvalvular Doppler quantitation
could be carried out in all group 1 patients but was possible in only
11 group 2 subjects (44%). TEE underestimated transvalvular pres-
sure gradients in comparison with ICE (Figure 6). Preinterventional
echocardiography-derived transvalvular pressure gradients were
confirmed in group 1 by intracardiac echocardiographic measure-
ments before predilatation (mean difference, �0.3 6 14.1 mm Hg;
n = 25, P = .913; Table 1, Figure 6). In contrast, intraprocedural
TEE before predilatation revealed lower pressure gradients than
preinterventional transthoracic echocardiography (mean difference,
�10.2 6 11.1 mm Hg; n = 11, P = .012). Wire crossing of the na-
tive valve could be directly observed and assisted by either ICE or
TEE in 12 patients (48%) in group 1 and 7 patients (28%) in
group 2.

Both coronary ostia together could be depicted more frequently in
group 1 than in group 2, whereas the left coronary ostium was dis-
played equally well in both groups (Table 2, Figure 7). In many pa-
tients, reverberations from the calcified native valve and the valve
carrying stent impeded transesophageal echocardiographic visualiza-
tion of the right coronary ostium more than the left coronary ostium.
Because of sonic coaxiality, this effect is less pronouncedwith ICE, be-
cause neither ostium is significantly superimposed by sonic shadow-
ing. Preinterventional TEE-derived aortic annular diameters were
highly reproducible by intraprocedural ICE. Linear regression analysis
revealed close correlation between both measurements (Figure 8). In
subjects with borderline annular sizes, the preselected size of the aor-
tic valve prosthesis was changed in only three patients in group 1
(12%) after intraprocedural ICE-based measurement of annular
size. After prosthetic valve deployment, left ventricular ejection frac-
tion could be equally well estimated in all subjects, without marked
differences between groups (Figure 9). Intraobserver and interob-
server variability for intracardiac and transesophageal echocardio-
graphic measurements of annulus size, visible aortic length, and
pressure gradients were found to be similarly low (Table 3).

In group 1, two thrombi (8%) were detected by ICE, one in the left
atrial appendage and another in the right pulmonary artery. In group 2,
TEE revealed one thrombus (4%) in the right atrial appendage. All
three thrombi were not obvious on preinterventional TEE and



Figure 4 Longitudinal transcaval (A) and short-axis (B) intracardiac echocardiographic views of aortic valve prosthesis after deploy-
ment and at end-diastole (see Videos 2 and 3 [see video clip online]). Ao, Aorta; AVP, aortic valve prosthesis; LV, left ventricle; 1,
minimal paravalvular leak; RA, right atrium; RCA, right coronary artery.

Figure 5 Intracardiac spectral Doppler analyses of the native aortic valve (A), after predilatation (B), and after deployment of a 23-
mm-diameter Edwards Sapien transcatheter heart valve prosthesis (C) on the basis of highest signal quality reveal decline of pressure
gradient (PG) (see Videos 4 and 5 [see video clip online]).
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apparently developed during the preinterventional period. In one indi-
vidual in group 1 (4%), severe aortic regurgitation due to predilatation
was immediately detected and the prosthetic valve swiftly deployed.
Aortic annular dissection, new pericardial effusion, or an increase of
any preexisting effusion could be equally ruled out in all subjects.
DISCUSSION

Even in asymptomatic patients, aortic stenosis is known to be associ-
ated with a poor prognosis.19 An increasing number of patients cannot
undergo surgical aortic valve replacement, because of high periopera-
tive riskdue to comorbidities andadvanced age.1,20 Theperiprocedural
risk forTAVRmust beweighed against these facts.21 The safetyof TAVR
procedures continues to be an important consideration. Each step of
the procedure can cause serious life-threatening complications.22

Although periprocedural echocardiography is regarded an important
means of lowering the rate of complications, and although TEE is fre-
quently used in those patients exposed to extreme risks to assist with
the interventional steps and to detect complications, current guidelines
for TAVRdo not include any detailedmethodologic suggestions for the
intraprocedural use of echocardiography.9



Figure 6 Comparative measurements of transvalvular pressure
gradients reveal higher gradients in group 1 (measurements
were possible in all patients [n = 25]) (diamonds) than in group
2 (measurements were possible in a small majority of patients
[n = 11]) (squares) under all conditions: native aortic valve (A)
(P = .031), after predilatation (B) (P = .001), and after deployment
of the valve prosthesis (C) (P < .001).

Figure 7 Longitudinal intracardiac echocardiographic view
demonstrates both coronary arteries branching off above the
opened aortic valve prosthesis. Ao, Aorta; LCA, left coronary ar-
tery, RCA, right coronary artery.
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As previously described, echocardiography not only plays a role in
case selection but also qualifies as a tool for guiding TAVR, with the
purpose of increasing its benefit-to-risk ratio.3 TEE offers multiple
views for the assessment of valve anatomy, confirmation of the
annular measurement, and the evaluation of aortic and mitral regur-
gitation before and after implantation. Especially for the transapical
approach, guidance using TEE is considered helpful to exclude abnor-
mal left atrial position of the guidewire. It may assist in positioning
and deployment of the prosthesis and allows immediate assessment
of the result including procedural complications.3,23 Consequently,
intraprocedural TEE has become an established method,9 although
it is not necessarily an ideal guidance tool. When positioned at the
level of the aortic valve, the transesophageal echocardiographic
probe impedes posterior-to-anterior fluoroscopic viewing if optimal
x-ray system detector angulation is used, which is recommended
for angiography, balloon dilatation, final adjustment of the prosthesis,
and its subsequent implantation. That may lead to repeated transeso-
phageal probe withdrawal at crucial points in the TAVR work flow,
subsequent repositioning of the probe, and new alignment to
obtain appropriate transesophageal echocardiographic views.
Consequently, TEE provides more episodic monitoring. Although
real-time three-dimensional TEE represents a feasible guidance tool
and may improve spatial orientation, it nevertheless remains a variant
of TEE.

In contrast, the intracardiac echocardiographic catheter can be left
in place, with the probe aimed at the aortic valve during the entire
TAVR procedure. Slight readjustments of the catheter may be occa-
sionally required. Simultaneous and uninterrupted echocardiographic
guidance by ICE is an ideal method for assisting predilatation, final ad-
justment and deployment of the valve prosthesis, for ruling out poten-
tial complications as early as possible, for confirming proper prosthetic
valve function without a need for repeated angiography, and for
checking left ventricular function immediately after implantation.
Especially with the transcaval and transatrial longitudinal intracardiac
echocardiographic view, theDoppler beam can be comparatively bet-
ter aligned with transvalvular flow. Determination of transvalvular
pressure gradients is therefore easier than with TEE. Even though
this is of minor importance for the procedure, the gradient may
give an estimate of the effectiveness of predilatation. Although not ad-
dressed in this study, sparing use of contrast agent is meaningful,
because renal failure has been reported to be the most common
short-term complication after TAVR.24 Echocardiography was re-
cently shown to be capable of lowering the amount of contrast agent
used during TAVR procedures.25 However, further investigations are
needed to test ICE in that respect.

The present results confirm previous investigations26,27

demonstrating ICE and TEE to be equally safe. As supported by the
present results, ICE provides a more coaxial view of the ascending
aorta and may therefore help improve coaxiality between the
valve-balloon system and the ascending aorta. Although not manda-
tory, ICE was also demonstrated to assist wire crossing of the native
valve in themajority of patients and to better depict the coronary ostia
than TEE, which helps rapidly exclude any obstruction by displaced
debris from the calcified native valve. Despite the importance of ostial
patency, the benefit of ICE in this respect is open to debate. Both
echocardiographic approaches can be considered equivalent with re-
spect to determining annular size and left ventricular function.
Measuring annular size is particularly critical and essential for selecting
the correct size valve prosthesis.28 Observer variability was indistin-
guishable between ICE and TEE as well.

The ICE catheter is maneuverable by the interventional operator,
who can adjust the transducer as needed and independently from
a noninvasive cardiologist or anesthetist, while the ultrasound unit
is operated by an ultrasonographic technician. Operated by an inter-
ventional cardiologist also experienced in echocardiography and es-
pecially in ICE, this tool has some potential in minimizing
procedural risks by avoiding and whenever possible detecting TAVR
complications2 at the earliest possible time, especially in high-risk pa-
tients, although this was not demonstrated in the present investiga-
tion. On the other hand, for the interventional operator, proper
handling of the intracardiac echocardiographic catheter and image
reading means accepting additional responsibilities and workload.
Alternatively, responsibilities can be split between the echocardiog-
rapher and interventionalist. In the future, ICE may have a role in



Figure 8 Regression analysis of preprocedural transesophageal versus intraprocedural intracardiac measurements of posterior-to-
anterior aortic annular diameter in group 1.

Figure 9 Comparison between left ventricular ejection fraction
(LVEF) (percentage) after valve deployment on ICE (group 1)
and TEE (group 2).

Table 3 Observer variability for echocardiographic
measurements (n = 50)

Parameter ICE TEE

Intraobserver variability
Aortic annular diameter* 3.2 6 1.7† 3.9 6 2.2†

Depicted length of ascending aorta§ 4.9 6 2.4 5.7 6 2.6

Baseline PGmean 3.5 6 1.8 3.6 6 2.0jj

PGmean after predilatation 3.9 6 2.2 3.8 6 2.0jj

PGmean after valve deployment 5.9 6 3.6 6.2 6 3.8jj

Interobserver variability
Aortic annular diameter* 3.8 6 2.0‡ 4.5 6 2.0‡

Depicted length of ascending aorta§ 5.7 6 2.0 6.3 6 2.1

Baseline PGmean 4.1 6 1.9 4.4 6 1.7jj

PGmean after predilatation 4.6 6 2.2 5.4 6 2.5jj

PGmean after valve deployment 8.4 6 5.1 7.5 6 4.3jj

Data are expressed as mean 6 SD.

PG, Pressure gradient.
*Aortic annular diameters were determined by ICE and TEE in

group 1.

†P = .481 (paired sign test).

‡P = .144 (paired sign test).
§Maximum length of the ascending aorta depicted on intracardiac or

transesophageal echocardiographic windows together with the aortic

valve as a measure of coaxiality.
jjAdequate measurements of PG were possible in only 11 subjects.
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high-risk patients in whom limited use of angiography25 and high
safety standards are needed.

As repeatedly reported, TAVR can also be completed under local
anesthesia and sedation,6,7 provided patients are selected
accordingly. However, prolonged transesophageal echocardiographic
viewing is hardly compatible with sedation. Operators may therefore
unnecessarily abandon all echocardiographic guidance. The
availability of ICE as an adjunct for TAVR lets the operator decide
whether to use local anesthesia plus sedation or general anesthesia
independently of the need for echocardiographic guidance. Still,
TAVR needs further refinements to lower the complication rate. On
the other hand, it appears likely that in the future, TAVR may also be
used in lower risk patients in whom general anesthesia is not
required for the TAVR procedure itself. Until now, angiography has
been considered the ‘‘gold standard’’ for valve positioning and
deployment. However, the results of this investigation are in line with
previous reports suggesting ICE to be more than an adjunct to
fluoroscopy and to offer certain advantages in comparison with TEE
as a guidance tool in noncoronary cardiac interventional
procedures.8,24,26,29,30 Consequently, ICE is capable of becoming
part of a multimodality cardiac imaging approach, considered
important for further optimization of TAVR.28 Nevertheless, as a sole
imaging technique, ICE has limitations as well. As long as individuals
are pacemaker dependent, care must be taken that temporary pace-
maker leads not be dislocated while maneuvering the intracardiac
echocardiographic catheter. Some skill is required to rapidly change
views andespecially toobtain short-axis views. Therefore, specific train-
ing programs have been implemented to enable interventional cardiol-
ogists to simultaneouslymanipulate the intracardiac echocardiographic
catheter as needed during the crucial stages of valve deployment. The
cost of the intracardiac echocardiographic catheter is undoubtedly
a shortcoming in comparison with TEE but should be weighed against
the cost of general anesthesia.

Generally, potential alternative sound windows are available for
intraprocedural assessment in TAVR. These include the transaortic
window for viewing from inside the ascending aorta5 and the trans-
ventricular window for transseptal viewing from the right ventri-
cle.30 Views from inside the aorta are inconvenient, because the
intracardiac echocardiographic catheter is prone to interfere with
procedural catheters. In many individuals, it is also challenging to
keep the intracardiac echocardiographic catheter stabilized in the
right ventricle (transventricular approach) throughout the proce-
dure, whereas right ventricular function can be easily judged
from the right atrium. However, longitudinal transcaval/transatrial
view supplemented by the short-axis view seem to be most suitable
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for continuous guidance, since the catheter position remains stable,
and the catheter does not interfere with the TAVR procedure. The
fact that left ventricular function and the degree of any mitral regur-
gitation can be estimated only from the transventricular approach
might be a minor shortcoming of ICE in comparison with TEE.

Limitations of the Study

One limitation of this study is that the intraprocedural use of ICE and
TEE could not be compared in the same patients, because sound
emission and reception of both probes would interact. It should
also be noted that the actual risk related to ICE could not be esti-
mated, although the risk appears to be very low and comparable
with that of other invasive diagnostic tests.26 An additional limitation
is the fact that the present results cannot be easily transferred to TAVR
performed with systems other than the Edwards Sapien transcatheter
heart valve and to intracardiac echocardiographic catheters other
than the AcuNav catheter, which is the only easily steerable side-
looking system based on linear phased arrays. To date, ICE cannot
provide three-dimensional imaging, although a three-dimensional in-
tracardiac echocardiographic catheter is nearing launch. The aortic an-
nulus might have an elliptical shape,31 which makes comparative
assessments difficult. Nevertheless, annular diameters were com-
pared in one dimension only. However, transcaval and transesopha-
geal posterior to anterior cut planes differ from each other. The
average length of the section of ascending aorta depicted together
with the aortic valve was assumed to express coaxiality. This was
used as a simple benchmark for the capability of a two-dimensional
imaging method for monitoring device position and for observing
the flow between the heart and ascending aorta. The impact of guid-
ance with ICE and TEE on the outcome of TAVR could not be eval-
uated and requires a larger multicenter clinical study.
CONCLUSIONS

The feasibility and utility of intracardiac echocardiographic assistance
in TAVR procedures was adequately demonstrated. Although transe-
sophageal echocardiographic guidance was introduced as helpful for
making TAVR safe, it requires general anesthesia. ICE is feasible in lo-
cal anesthesia and can be considered an alternative guiding tool with
some lower ranking advantages compared with TEE, including higher
coaxiality of the ascending aorta in the transcaval standard view, ideal
alignment of the Doppler beam with blood flow, and higher image
resolution. ICE swiftly provides functional data, provides uninter-
rupted viewing, and therefore seems to match the required work
flow during TAVR better than TEE. If the operator is familiar with
echocardiography in general and with ICE in particular, an additional
noninvasive cardiologist or anesthetist navigating the transesophageal
probe and reading the images may be unnecessary. In this context, in-
tracardiac echocardiographic guidance may also allow TAVR to be
performed without endotracheal intubation.
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