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Abbreviations

CHD Congenital heart disease
CPB Cardiopulmonary bypass
CVC Central venous catheter
EF Ejection fraction
FAC Fractional area change
ICE Intracardiac echocardiography
ICU Intensive care unit
LAX Long-axis
LV Left ventricle
ME Midesophageal
MR Mitral regurgitation
MRI Magnetic resonance imaging
RV Right ventricle, right ventricular
RVOT Right ventricular outflow tract
RWMA Regional wall motion abnormalities
SAX Short-axis
SV Stroke volume
SVC Superior vena cava
TEE Transesophageal echocardiography
TG Transgastric
TTE Transthoracic echocardiography

Key Learning Objectives

• Describe the evolution of intraoperative echocardiogra-
phy in pediatric and congenital heart disease (CHD)

• Understand advances in transesophageal echocardiogra-
phy  (TEE) technology over time, particularly regarding 
applications in infants and children

• Appreciate the clinical evidence supporting the benefits 
of TEE in surgical and medical management of children 
and of all patients with CHD 

• Be familiar with published data assessing the cost- 
effectiveness of TEE in the pediatric and adult congenital 
patient population

• Recognize the limitations and pitfalls of intraoperative 
TEE, factors that may affect return-to-bypass decisions, 
and correlation between intraoperative and postoperative 
echocardiographic findings

• Understand the applications of TEE in pediatric patients 
and adults with CHD in the postoperative setting

 Introduction

In surgery for congenital heart disease (CHD), intraopera-
tive echocardiography was initially performed using an 
epicardial approach [1]. However, since then, transesopha-
geal echocardiography (TEE) has become the main imag-
ing technique for both adult and pediatric patients 
undergoing interventions for congenital or acquired heart 
disease [2, 3]. Standards have been published for the echo-
cardiographic assessment of children and adults by trans-
esophageal two- dimensional (2D) and three-dimensional 
(3D) imaging [2–5].

Developments in transducer technology have resulted in an 
evolution of TEE probes from sector-scanning monoplane 
(0°), to biplane (0°, 90°) and then multiplane (0°–180°) 
devices, and most recently to volume-scanning matrix-array 
probes that  have enabled real-time 3D imaging (the latest 

18

W. C. Miller-Hance (*) 
Department of Anesthesiology, Perioperative and Pain Medicine, 
Arthur S. Keats Division of Pediatric Cardiovascular 
Anesthesiology, Baylor College of Medicine, Texas Children’s 
Hospital, Houston, TX, USA 

Department of Pediatrics, Section of Pediatric Cardiology, Baylor 
College of Medicine, Texas Children’s Hospital,  
Houston, TX, USA
e-mail: wmh@bcm.edu 

A. Vegas 
Department of Anesthesiology and Pain Medicine, University of 
Toronto, Toronto General Hospital, Toronto, ON, Canada
e-mail: Annette.Vegas@uhn.ca

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-57193-1_18&domain=pdf
https://doi.org/10.1007/978-3-030-57193-1_18#DOI
mailto:wmh@bcm.edu
mailto:Annette.Vegas@uhn.ca


586

advancement for this modality)  (Fig.  18.1). The addition of 
more 2D imaging planes with better resolution, along with the 
evolution of 3D imaging, have advanced the detailed assess-
ment of complex congenital cardiac defects by TEE [3].

Furthermore, all commercially available TEE probes inte-
grate spectral and color flow Doppler capabilities; many 
offer enhanced imaging modes, such as tissue Doppler and 
speckle tracking echocardiography, that can better evaluate 
cardiac function and the severity of cardiac disease. Finally, 
the miniaturization of multiplane TEE probes for use in neo-
nates and small infants affords a wider safety margin to pre-
vent injury in these patients.

Currently, for the intraoperative assessment of CHD 
patients, most centers prefer to use multiplane TEE imag-
ing because it enables detailed assessment of anatomy, 
hemodynamics, and function, with minimal probe manipu-
lation. In children, monoplane or biplane imaging, when 
the only option available, is an acceptable, although less 
desirable, alternative to multiplane interrogation. 
Monoplane and biplane probes are less likely to be avail-
able today as many of these devices are deteriorating and 
may no longer be serviced.  Epicardial echocardiography 
still remains a valuable adjunct to intraoperative TEE and 
as an alternative imaging approach when TEE is not fea-
sible because of patient size constraints, inability to place 
the TEE probe, contraindications, or lack of equipment or 
expertise [6].

 Evolution of Intraoperative 
Echocardiography in CHD

 Epicardial Echocardiography

Intraoperative imaging during cardiac surgery was first 
described in in the early 1970s, initially via the epicardial 
approach by using M-mode echocardiography [7] and subse-

quently, 2D imaging was applied [8]. Initial efforts in intra-
operative echocardiography in patients with CHD also 
explored the benefits of epicardial imaging. This involved 
placing a standard transthoracic imaging probe covered in a 
sterile sheath to the anterior surface of the heart in order to 
assess cardiac anatomy and function prior to the initiation 
and after separation from cardiopulmonary bypass (CPB). 
This allowed for confirmation of preoperative diagnoses and 
assessment of the adequacy of the surgical repair [9, 10]. 
Years of clinical experience supported the benefits of this 
imaging approach in the perioperative management of 
patients with CHD [11–14]. A distinct advantage of epicar-
dial scanning over TEE, when both modalities are available, 
is that one can better image structures such as the pulmonary 
arteries, coronary arteries, ventricular outflow tracts, and to 
some extent the aortic arch by directly placing the imaging 
probe on them. However, important disadvantages of the epi-
cardial approach relate to limited windows of interrogation, 
potential for hemodynamic alterations and rhythm abnor-
malities, risk of infection, and the need for the surgeon to 
have expertise in cardiovascular imaging. Intraoperative 
TEE overcomes many of these limitations.

 Transesophageal Echocardiography

 Early Developments
The first experience in TEE has been attributed to Franzin 
and colleagues in their publication in 1976 [15]. At the time 
it was recognized that cardiac imaging through the esopha-
gus could benefit patients with limited transthoracic acoustic 
windows and this became the driving force for developing an 
alternate imaging approach. Accordingly, a 9  mm nonfo-
cused 3.5  MHz transducer with M-mode technology was 
designed. The transducer was placed in a casing with rounded 
edges and attached to a coaxial cable permitting rotation. A 
few years later, later, in 1980, Matsumoto and colleagues 

Monoplane Biplane 3DMultiplane

Fig. 18.1 Evolution of the TEE Technology. The graphic displays the evolution of the TEE imaging technology from monoplane, to biplane, to 
multiplane, to three-dimensional devices (Source: Texas Children’s Hospital; reproduced with permission)
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applied transesophageal M-mode echocardiography to the 
intraoperative setting for assessment of ventricular function 
during cardiac surgery [16]. Hisanaga and colleagues from 
Japan subsequently published their experience after develop-
ing a TEE scanning system capable of obtaining cross- 
sectional images of the heart by using a 2D transducer 
(10 mm diameter, 2.25 MHz or 3.5 MHz) mounted on a flex-
ible rotational shaft [17]. A year later, Hanrath and col-
leagues in Germany attached a phased-array ultrasound 
transducer to the tip of a flexible gastroscope [18] and there-
after the TEE technology gradually evolved.

 Monoplane TEE
The clinical applications of real-time 2D TEE and color flow 
mapping in the immediate and early postoperative evaluation 
of the results of cardiac surgery were first reported in the 
1980s [19]. Early experience in the intraoperative applica-
tions of TEE in CHD date back to the late 1980s. Cyran et al. 
first documented the safe and reliable use of an adult-sized 
TEE probe in older children and young adults undergoing 
surgical intervention for various congenital heart defects 
[20]. Kyo and associates, in conjunction with the Aloka/
Corometrics Company in Japan, developed the first TEE 
probe specifically for infants and young children [21]. Using 
this monoplane (0°), 26-element, 5.0-MHz, phased-array 
transducer mounted on a 6.8-mm–diameter flexible gastro-
scope proved feasible and accurate in assessing small patients 
with CHD [22–27].

Early drawbacks of TEE technology were the suboptimal 
image quality from a small TEE probe with few elements and 
the need for probe manipulation to obtain multiple views 
because scanning was limited to transverse or horizontal 
planes [28]. Despite these shortcomings, several studies high-
lighted the benefits and accuracy of intraoperative TEE when 
compared to epicardial echocardiography in assessing a range 
of congenital cardiac lesions [29–35]. Specifically,  TEE 
imaging did not interrupt surgery, distort cardiac structures, 
trigger dysrhythmias, produce hemodynamic alterations, or 
increase infection risk. Efforts thus continued into improving 
TEE technology for pediatric applications.

In the early 1990s, a new monoplane TEE transducer 
(5.0-MHz, phased-array, 48-element) was introduced that 
provided higher-resolution images, in addition to continuous- 
wave Doppler capabilities [36]. Concurrent refinements in 
Doppler processing improved the assessment of blood-flow 
velocities, jet direction, and the overall severity of obstruc-
tive/regurgitant disease.

 Biplane TEE
The development of biplane probes with 48- and 64-element 
transducers, initially for adults in 1989 and later on suitable 
for children in the mid-1990s, enhanced the TEE examina-

tion by enabling imaging in both the transverse/horizontal 
(0°) and longitudinal/vertical (90°) planes [37–41]. The 
additional interrogation plane improved TEE diagnostic 
accuracy, particularly for disease affecting the ventricular 
outflow tracts [42].

Regardless of the advantages offered by biplane imaging, 
TEE still had several limitations. One was that the spectral 
Doppler angle of interrogation could not be optimally aligned 
with the direction of blood flow while imaging from the 
esophageal windows. Fortunately, manipulating existing 
single and biplane TEE probes in the transgastric and deep 
transgastric windows provided much more favorable angles 
for Doppler interrogation of ventricular outflow tracts and 
great arteries [43, 44].

 Multiplane TEE
The initial clinical experience with multiplane TEE imaging 
in adults was reported in the early 1990s [45–47]. Following 
that, the availability of multiplane TEE imaging for children 
in the mid 1990s represented a major technological advance-
ment over biplane imaging [48, 49]. The ability to acquire 
high-resolution images in an unlimited number of planes 
made possible a more comprehensive appraisal of complex 
cardiovascular malformations. The first pediatric multiplane 
probe (i.e., the mini-multiplane probe) was a 48-element, 
phased-array, single-frequency, 5.0-MHz transducer with a 
7-mm shaft and a relatively small transducer tip (10.6 mm 
wide) that incorporated 2D, M-mode, and full Doppler capa-
bilities [50, 51]. This probe, originally designed by Odelft 
BV (Delft, The Netherlands), was adapted for use on echo-
cardiographic platforms produced by different manufactur-
ers (refer to Chap. 2) [52].

There has been ongoing interest in further miniaturizing 
the multiplane TEE probes for use in neonates and small 
infants to afford a wider margin of safety against injury [53]. 
An early version, the Odelft neonatal micro-multiplane TEE 
probe, was a 7.5-MHz, 48-element transducer with an 
8-mm–diameter probe tip mounted on a 5-mm gastroscope 
[54–56]. This probe allowed the examination of infants 
weighing as little as 2.5 kg without major complications. In 
the initial experience with one of the currently available 
commercial micro-multiplane TEE probes—the S8-3t 
(Philips Medical, Andover, MA, USA), a 32-element, 
phased-array, multifrequency, 3.2- to 7.4-MHz transducer 
with a 5.2-mm–diameter shaft and a small 7.5  mm wide 
transducer tip—the rate of successful insertion was high in 
infants, all of whom weighed at least 1.7 kg [57]. The device 
allowed high-quality diagnostic imaging without respiratory 
or hemodynamic compromise.

A prospective study compared the quality of images pro-
duced by the micro-multiplane TEE probe versus standard 
pediatric and adult multiplane TEE probes in 24 exams per-
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formed in 23 patients (median weight 11.7 kg, median age 
3  years) [58]. The micro-TEE probe provided diagnostic 
image quality in the neonatal patients. The best image qual-
ity for this probe was in patients less than 10 kg; in children 
weighing 10–30 kg, standard-sized pediatric mini- multiplane 
TEE probe delivered better imaging.

 Intracardiac Catheters
The off-label use of intracardiac echocardiography (ICE) 
catheters, when inserted through the nasal or oral route for 
TEE imaging in neonates and small infants, has been reported 
to provide clinically useful information in some cases. 
Currently, several of these catheters are commercially avail-
able, including the AcuNav Ultrasound Catheter (Siemens 
Medical Solutions, Malvern, PA, USA), which is a 
64- element, phased-array, multifrequency, 5.5 to 10-MHz 
transducer with a diameter of 3.3 mm. Capabilities such as 
steering and echocardiographic modes vary among devices. 
In a series of 22 exams performed with the AcuNav 
Ultrasound Catheter in 17 infants (weight range 2.1–5.6 kg), 
most TEE studies were of diagnostic quality and occurred 
without complications [59]. This miniaturized device is 
capable of monoplane imaging (90°), as well as spectral and 
color flow Doppler modalities. The handle controls allow 
four-way catheter tip articulation with movement in two 
planes: anterior-posterior and left-right. Ferns et  al. com-
pared the micro-multiplane TEE transducer and the AcuNav 
ICE catheter in terms of efficacy, safety, ease of insertion, 
capabilities, utilization and cost. Indications for the exams 
after failed TTE included “examination of aortopulmonary 
shunt patency; pulmonary venous obstruction; atrial septal 
defect patency, flow direction and gradient; distal conduit 
patency; mechanism and severity of valve regurgitation; 
presence of thrombus or vegetation; presence, size, Doppler 
blood flow pattern, and pressure gradient of residual ventric-
ular septal defect; residual valve obstruction; ventricular sys-
tolic function; and pulmonary hypertension”. The specific 
clinical information being sought was obtained in all cases 
regardless of imaging device. The AcuNav transducer was 
safe and easily inserted through the transnasal route without 
requiring muscle paralysis, but it provided limited echocar-
diographic views because of its single longitudinal plane 
[60]. The micro-TEE transducer was slightly more difficult 
to insert but had greater echocardiographic capabilities (full 
multiplanar imaging). The use of the AcuNav was associated 
with greater costs due to the need for shipping and steriliza-
tion, whereas the micro-TEE could be cared for as per the 
routine laboratory protocol for probe cleaning. In contrast to 
the AcuNav, the use of the micro-multiplane probe often 
required more sedation and paralysis. There were no major 
complications with the use of either transducer.

The principal advantage of the ICE catheter is its slender 
profile, which allows safe esophageal placement in very 
small infants. The chief disadvantage is that this catheter 

uses only a single, longitudinal (90°) imaging plane, which 
limits its effectiveness in imaging those types of cardiac 
defects for which additional imaging planes are important. 
Clearly the ability of the micro-multiplane device to image 
in multiple planes represents a significant advantage. Another 
important issue is that the AcuNav device has no thermal 
sensing, which raises concerns regarding safety. In recogni-
tion of all these issues, the micro-multiplane TEE probe is 
considered the preferred device at most centers  for TEE 
imaging of the small neonate.

 Three-Dimensional TEE
The use of a specialized matrix-array TEE probe to display a 
selected volume of the heart as a real-time 3D dataset was 
first reported in 2008 [61]. The 3D TEE probe not only has 
3D capabilities but also has excellent 2D tomographic imag-
ing as well as spectral/color Doppler, tissue Doppler, speckle 
tracking, and other features. Also, it allows for several differ-
ent 2D TEE planes to be displayed simultaneously. The abil-
ity to freely rotate the 3D dataset on the ultrasound screen 
allows for the anatomy to be displayed from any perspective, 
including the surgical orientation [62–64]. This technology 
replaced previously available 3D probes, which relied on 
offline reconstruction of sequentially acquired 2D image 
planes, thus limiting the use of 3D TEE in the operating 
room.

At present, 3D echocardiography should be considered to 
complement, rather than replace, 2D imaging for the assess-
ment of CHD.  It should be utilized whenever feasible, 
although there is wide institutional variability in its use [4]. 
Currently, 3D TEE echocardiography is recommended for 
assessing specific congenital heart lesions (atrioventricular 
valve abnormalities, septal defects, aortic valve and left ven-
tricular (LV) outflow tract disease, and complex abnormali-
ties of cardiac connections), valvular regurgitation location 
and severity, and ventricular parameters [65–69]. As with 
most other forms of echocardiography, 3D TEE has yet to be 
tested in randomized controlled trials examining procedural 
success and TEE-related morbidity. However, 3D TEE has 
already been adopted into clinical practice to meet the need 
for more accurate diagnostic information; this is based upon 
the extremely favorable clinical experience and data from 
nonrandomized studies to date, as discussed later in this 
chapter and further detailed in Chaps. 23 an 24.

 TEE Probe Selection
A variety of TEE probes are currently available for clinical 
use (Fig.  18.2). In pediatric patients, TEE probe selection 
relies primarily on two factors: patient weight and probe 
size. Vendors have suggested a minimum patient weight for 
the safe use of each of the probes in the pediatric age group 
as listed in Table 18.1. However, in clinical practice, probes 
are used extensively in infants and children below the recom-
mended minimum weight [3, 70]. The risk-benefit ratio of 
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using a particular TEE probe should be evaluated on a case- 
by- case basis, but the use of a probe size outside of the 
 vendor recommendations may be safe when the probe is 
placed with minimal resistance. When possible in children 
weighing >25 kg (2D) or > 30 kg (3D), the adult TEE probes 

should be favored as they usually provide better image qual-
ity and, in the case of the 3D TEE probe, allows for the 
enhanced imaging mode. 

Although monoplane and biplane TEE probes are no longer 
supported or available at most centers, they may still be used in 
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Fig. 18.2 Multiplane TEE Imaging Probes. The photograph displays 
four commercially available multiplane TEE devices. (a) Neonatal 
micro-multiplane probe, (b) pediatric mini-multiplane probe, (c) two-
dimensional ‘adult’ or standard probe, (d) three-dimensional ‘adult’ 

probe. Source: From, Andropoulos DB, Stayer SA, Mossad EB, Miller-
Hance WC. Anesthesia for Congenital Heart Disease, 3rd Ed. New 
Jersey: 2015; John Wiley and Sons; with kind permission of John Wiley 
and Sons
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some countries. Accordingly, these are included in Table 18.1 
as a reference and for comparison with more contemporary 
hardware. Also note that the dimensions listed and other details 
included in this table represent average values. The reader is 
referred to Chap. 2, and in particular to Table 2.1, for detailed 
information regarding individual manufacturers and currently 
available TEE probes. The slight differences in probe dimen-
sions between these two Tables (2.1 and 18.1) can be accounted 
for by the more general nature of the data presented here.

 Role of Intraoperative Echocardiography

An extensive experience over many years supports the utility 
of intraoperative echocardiography in the care of pediatric 
patients with congenital and acquired heart disease, as well 
as in adults with CHD [71–73]. Intraoperative imaging pro-
vides detailed anatomic and hemodynamic information 
before the planned surgical procedure, assesses the adequacy 
of the repair, and permits real-time monitoring of ventricular 
loading and performance (Table 18.2). Numerous reports of 
early and current TEE experience during surgery document 
the value of this imaging modality as a diagnostic tool and an 
aid to surgical decision-making [12, 26, 28, 29, 32, 33, 35, 
36, 39, 41, 42, 74–86].

 Impact on Surgical Management

Intraoperative echocardiography, whether epicardial, trans-
esophageal, or both, can alter the surgical plan in ~1–13% of 
cases (Table 18.3) [83, 87–94]. The surgical alteration rate, 
although in some cases may be accounted by imperfect sur-
gical planning, is an important benefit of TEE. Although the 
results of the preoperative examination may not alter the sur-
gical plan, they do help to identify the optimal interrogation 
planes and provide baseline images for later comparison dur-
ing the post-repair assessment. This accounts for the pre-
ferred approach at many centers to not only limit the TEE 
examination to the postoperative evaluation, but also per-
form preoperative imaging.  The contemporary experience 
among institutions that routinely use intraoperative imaging 
during congenital heart surgery suggests a return-to-CPB 
rate of 3–7%. Even more compelling is the observation that 
failure to address significant residual disease can lead to 
morbidity and, in some cases, perioperative mortality in 
these patients [91–95].

Studies of intraoperative TEE have focused primarily on 
two of its potential applications: indicating when the preop-
erative surgical plan needs to be revised, and determining 
postoperatively whether immediate revision of the procedure 
is necessary. In an early series reported by Ungerleider et al. 
of 1000 patients treated at Duke University Medical Center 
between 1987 and 1994, an epicardial approach was initially 
used; in later cases, TEE was used instead of or in addition to 
epicardial imaging [87]. There was a 4.4% incidence of return 
to CPB for surgical revisions based on the echocardiographic 
findings. Most patients underwent a successful revision of the 
residual defect, defined as the elimination or amelioration of 
the defect. The value of intraoperative echocardiography was 
apparent even in this early report, in which the authors state 
that “it was not possible for the surgeon to predict the need for 
a revision based on his confidence of the repair.”

A retrospective review of the first 341 intraoperative stud-
ies performed at Texas Children’s Hospital from 1990 to 

Table 18.1 Comparison of transesophageal probes

Average Tip Dimensions Shaft Elements
Frequency
Range

Device
Minimum patient 
weight (kg)

W × H × L
(mm)

W × L
(mm × cm) Number (MHz)

Adult multiplane (3D) 30 17 × 13.5 × 38 10 × 90 ~2500 7–2
Adult multiplane (2D) 25 15 × 12.5 × 35 10 × 90 64 7–2
Pediatric mini-multiplane 3.5 10.7 × 8.0 × 27 7.4 × 70 48 (10–7)–3
Neonatal micro-multiplane 2.5 7.5 × 5.5 × 18.5 5.2 × 88 32 (10–8)–3
Pediatric biplane 2.5 9.3 × 8.8 × 27 8 × 80 64 7.5–5.5
Pediatric monoplane 2.5 6–10 4–7 × 60–80 28–48 5.0
ICE catheter 1.7 2.5 × 3.3 × 3.3 2.5 × 90 64 10–5.5

All devices listed have spectral and color flow Doppler capabilities
ICE intracardiac echocardiography

Table 18.2 Role of intraoperative transesophageal echocardiography

Surgical applications
• Confirm the diagnosis
• Guide changes to surgical plan
• Assess the repair
• Determine whether reintervention is needed
• Guide reintervention
Medical applications
• Guide central venous catheter placement
• Identify intracardiac air, guide deairing
• Assess ventricular loading conditions
• Assess ventricular function
• Detect myocardial ischemia
• Guide hemodynamic and anesthetic management
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1995 indicated that the prebypass TEE altered the planned 
surgical procedure in 9.4% of cases [83]. Diagnostic catego-
ries in which TEE had the most impact on surgical proce-
dures included ventricular septal defect associated with 
double-chambered right ventricle or subaortic membrane, 
isolated subaortic stenosis, atrioventricular valve dysfunc-
tion, single ventricle, and pulmonary atresia with ventricular 
septal defect. More often, however, TEE detected minor 
diagnostic findings that did not influence the surgical plan 
(but that may have informed subsequent care), as noted in 
13.2% of the cohort. The postbypass TEE findings indicated 
the need for immediate reoperation in 8.2% of patients.

Randolph and colleagues at the Mayo Clinic studied the 
use of TEE during congenital heart surgery in patients of 
every age, from neonate to elderly, to define the impact on 
patient care and to determine the appropriate indications for 
intraoperative TEE in such patients [89]. In 13.8% of cases, 
TEE provided either unique prebypass information that led 
to changes in the planned surgical procedure (9.1%) or post-
bypass information that prompted immediate revision of 
hemodynamically significant defects (5.6%). Such TEE find-
ings occurred most often in younger patients, during reoper-
ations, and in those undergoing valve repairs and complex 
outflow tract reconstructions.

Yumoto and Katsuya at Nagoya University in Japan pro-
spectively evaluated the utility of TEE as a diagnostic tool 
during cardiac surgery in children [90]. According to postop-
erative TEE findings, the surgical repair was judged inade-
quate in 2 out of 88 cases (3%), prompting the reinstitution 
of bypass and revision of the repair.

Sloth et al. in Denmark described their use of TEE in 532 
consecutive children treated during a 5-year period, with 
TEE findings leading to return to CPB for reoperation in 
approximately 3% of patients [88]. Bettex et  al. from 
Switzerland, in a two-center observational study among 865 
patients less than 17 years old, found that TEE altered surgi-
cal management in 12.7% of cases, with return to CPB in 
7.3% and changed medical management in 19.4% during the 
intraoperative period [91]. Ma et al. at the Paediatric Heart 

Center in Shanghai examined the utility of perioperative 
TEE in 350 children with CHD [92]. Preoperative TEE con-
tributed additional findings or changed the diagnosis in 9.4% 
of patients, and these findings modified the planned surgical 
procedure in 6.6% of the study group. Residual problems or 
sequelae were detected by postoperative TEE in 16.3% of 
the cohort, resulting in 3.7% of patients undergoing immedi-
ate intervention or return to bypass for revision. More recent 
reports show fewer changes in the operative plan with altera-
tion of the surgical plan based on preoperative TEE of less 
than 2%, but still a significant number of reinterventions 
with ~4–5% of patients requiring reinitiation of CPB [93, 
94].

Several isolated case reports describe additional uses of 
intraoperative TEE in children. These include detecting can-
nulation complications during CPB, guiding the resection of 
cardiac tumors, evaluating pulmonary artery flow after the 
Fontan procedure, and identifying pericardial and pleural 
effusions and guiding their drainage [96–101].

In addition to being useful during CPB cases, TEE report-
edly has benefits when used during other interventions such 
as video-assisted thoracoscopic procedures for CHD [102–
105]. Furthermore, TEE is indispensable for guiding the 
placement of devices such as septal occluders or stents via 
the perventricular or direct approach in the operating room 
during hybrid procedures performed by the cardiothoracic 
surgeon and interventional cardiologist [106, 107].

Formal, rigorous scientific data regarding the impact of 
intraoperative TEE on clinical outcomes are lacking in chil-
dren with congenital or acquired heart disease and in adults 
with CHD. Nonetheless, the cumulative experience from the 
above-mentioned studies and from others indicates that 
intraoperative TEE can improve the quality of the surgical 
intervention in these patients. Thus, intraoperative TEE rep-
resents the most common application of TEE in these patient 
groups. As such, TEE has become the standard of care in 
most centers that specialize in treating children and adults 
with CHD, in agreement with the indications outlined by 
various clinical practice guidelines [2, 3, 108–114].

Table 18.3 Impact of intraoperative echocardiography in congenital heart surgery

Authors Year Institution N Alter surgery (%) Return to CPB (%)
Ungerleider et al. [87] 1995 Duke University, USA 1000 NR 4.4
Bezold et al. [83] 1996 Texas Children’s Hospital, USA 341 9.4 8.2
Sloth et al. [88] 2001 Aahus University Hospital, Denmark 532 NR 3.2
Randolph et al. [89] 2002 Mayo Clinic, USA 1002 9.1 5.6
Yumoto et al. [90] 2002 Nagoya City University Hospital, Japan 88 NR 2.4
Bettex et al. [91] 2003 University Hospitals of Zurich and Lausanne, Switzerland 865 12.7 7.3
Ma et al. [92] 2007 Children’s Hospital of Fudan University, China 350 6.6 3.7
Guzeltas et al. [93] 2014 Mehmet Akif Ersoy Thoracic and Cardiovascular Surgery 

Center and Research Hospital, Turkey
265 1.8 4.5

Jijeh et al. [94] 2014 King Abdulaziz Cardiac Center, Saudi Arabia 1036 1.3 3.9

CPB cardiopulmonary bypass, NR not reported

18 Intraoperative and Postoperative Applications
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 Impact on Medical Management

As with surgical care, the literature also documents the value 
of TEE in guiding medical management and other aspects of 
perioperative care during surgery for congenital and other 
cardiovascular diseases in pediatric patients. The overall 
data, although limited, support the extended role of intraop-
erative TEE as a monitoring adjunct to facilitate anesthetic 
care, hemodynamic and pharmacologic management, medi-
cal decision-making, and selecting treatment strategies. 
Moreover, this imaging approach assists in the formulation 
of care plans during the immediate postoperative period by 
enabling, for example, the selection of suitable inotropic and 
vasoactive agents according to the echocardiographic find-
ings after chest closure.

 Guiding Catheter Placement
Central venous catheterization is an important aspect of peri-
operative care, providing for vascular access, blood sam-
pling, and hemodynamic monitoring. TEE can facilitate 
percutaneous central venous catheter (CVC) placement by 
imaging the guidewire position before the insertion of a 
larger-bore catheter. This can avoid repeated attempts at can-
nulation and the resultant complications, particularly in 
young patients [115, 116].

Several reports describe the use of TEE in optimally plac-
ing the CVC tip in adults and children undergoing cardiovas-
cular interventions [117–119]. A prospective randomized 
controlled clinical trial performed in 145 patients (age range, 
1 day to 29 years) during cardiac surgery for CHD examined 
the usefulness of TEE in guiding proper depth of CVC inser-
tion and confirming superior vena cava (SVC) cannulation 
[120]. Patients were randomly assigned to a TEE-guided 
catheter-placement group or to a control group in which the 
catheter was placed before the TEE probe was inserted. 
Correct CVC placement was defined as a catheter tip visible 
in the SVC at or above the SVC–right atrial junction and 
parallel to the SVC wall. This was determined by both pre-
operative TEE and chest radiography (CXR). The study 
showed than when TEE was used to guide CVC placement, 
the percentage of catheters correctly positioned was signifi-
cantly higher than when anatomic landmarks were used 
(TEE serving as the end-point for correct tip position). 
However, when a CXR was used to determine catheter posi-
tion, there was no difference between the groups in the rate 
of correct catheter placement. In spite of the lack of superior-
ity of TEE to correctly position the catheter tip as compared 
to conventional techniques when CXR was used as the end- 
point, which according to the authors could be most likely 
explained by the different imaging modalities, the study sug-
gested that TEE could guide CVC placement in congenital 
heart surgery.

Placing transthoracic intracardiac catheters is often nec-
essary for hemodynamic monitoring in infants and children 

undergoing cardiac surgery [121, 122]. Anecdotal evidence 
suggests that TEE can verify the appropriate position of 
these catheters. The usefulness of intraoperative TEE has 
also been demonstrated for the placement and optimal posi-
tioning of circulatory support hardware (aortic and venous 
cannulae, mechanical support devices) and pulmonary artery 
catheters (refer to Chap. 20) [123].

 Identifying Intracardiac Air and Confirming 
Cardiac Deairing
In contrast to blood, air bubbles within the heart and vascu-
lature produce bright reflections on echocardiography, due to 
the unique acoustic properties of air (Chap. 1). Retained 
intracardiac air may account for significant morbidity during 
cardiac surgery, negatively affecting clinical outcomes. Air 
embolization to the coronary circulation may have immedi-
ate or late effects that can lead to myocardial dysfunction. 
This dysfunction, in turn, can prolong CPB time and require 
interventions such as institution or adjustment of inotropic 
support or other therapies [124, 125]. Other serious compli-
cations include those related to the presence of air in the sys-
temic circulation—particularly the cerebral vasculature, 
with consequent neurologic injury [126, 127]. During con-
genital heart surgery, which frequently requires cardiotomy, 
TEE helps to ensure the adequacy of cardiac deairing before 
CPB is discontinued [128–136].

In patients undergoing repair of congenital heart defects, 
Greeley et al. described intramyocardial air as the presence 
of air within the wall of a myocardial segment supplied by a 
coronary artery branch, suggesting air embolization of this 
vessel [137]. The implications of this finding are that it could 
lead to regional wall motion abnormalities (RWMA), ven-
tricular dysfunction, dysrhythmias, and hemodynamic insta-
bility during and after weaning from CPB.  Identifying 
intramyocardial air by intraoperative TEE can help prevent 
hemodynamic instability by providing an opportunity to 
develop specific management strategies to eliminate the air.

TEE can also detect intracardiac air in beating-heart proce-
dures performed without aortic cross-clamping, such as inter-
ventions in the right heart (e.g., RV to pulmonary artery conduit 
replacement), left heart (e.g., inflow cannula insertion during 
ventricular assist device placement), or single- ventricle pallia-
tion (e.g., RV graft placement during the Sano modification of 
the Norwood procedure). The concern during these interven-
tions is the potential risk for paradoxical air embolization. In 
the case of right-heart surgery in patients with a biventricular 
circulation, air can be entrained into the left heart (left atrium or 
LV) across an intracardiac (interatrial or interventricular) com-
munication. In other instances, air can be entrained directly 
into the left heart or single ventricle. In either case, air can enter 
the systemic circulation and potentially cause severe complica-
tions from air embolism to other organs.

Thus, for patients with a biventricular circulation who are 
undergoing right-sided beating-heart surgical interventions, 
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it is useful to exclude intracardiac communications by TEE 
using all available modalities, including color flow Doppler 
and contrast echocardiography. Using a contrast agent, such 
as agitated saline or albumin, in combination with a simu-
lated Valsalva maneuver in mechanically ventilated patients, 
facilitates the detection of intracardiac communications by 
revealing right-to-left intracardiac shunting. Although the 
reliability of contrast TEE in detecting intracardiac commu-
nications in patients with CHD has been questioned, contin-
uous monitoring for intracardiac air during all beating-heart 
procedures may enhance patient safety [138].

 Assessing Ventricular Loading Conditions
Manipulating ventricular preload is key to optimizing cardiac 
performance and is a major focus of hemodynamic manage-
ment during cardiac surgery. Estimating ventricular filling in 
clinical practice is difficult and often requires obtaining various 
measurements by invasive and noninvasive techniques [139–
141]. Echocardiography only permits the indirect measure-
ment of pressures by Doppler methods. Methods of estimating 
ventricular preload from TEE data mostly focus on quantifying 
LV filling by examining echocardiographic indices such as LV 
end-diastolic area, volume, or both [142–144].

Quantitative measures of LV volume can be obtained 
from 2D echocardiography by the Simpson method of sum-
mation of discs and tracing the endocardial border from an 
end-diastolic frame. Three-dimensional echocardiography 
using semiautomated software that tracks the endocardium 
throughout the cardiac cycle can reliably measure LV vol-
ume [145, 146]. Although this technique has been used with 
TEE, its use with transthoracic echocardiography (TTE) has 
been more thoroughly validated and produces a more accu-
rate assessment of LV volumes, particularly for the highly 
variable geometry of structurally abnormal hearts encoun-
tered in CHD [147–150]. Intraoperative real-time 3D TEE 
assessment of LV volume is feasible in adults undergoing 
cardiac surgery [151, 152]. Although initially cumbersome 
and time-consuming, innovations in recent years have led to 
advancements in software automation facilitating this evalu-
ation. It should be recognized that all echocardiographic 
measures of LV volume, whether by 2D or 3D, underesti-
mate the volume compared with angiography and magnetic 
resonance imaging (MRI), and commonly used LV function 
measurements are load dependent [153–155].

Measuring ventricular areas and volumes is time- 
consuming in most cases, and can represent a potential dis-
traction from patient care. This makes performing such 
measurements impractical in the operating room, until such 
time that accurate and rapidly automated techniques become 
more widely available. More often, qualitatively assessing 
low intravascular volume by echocardiography involves visu-
alizing surrogate indicators such as a small LV end- diastolic 
cavity area with mid-cavitary obliteration in the transgastric 

midpapillary short-axis view (TG Mid Pap SAX; transducer 
angle ~0°–20°). Hypovolemia, vasodilation,  severe aortic 
regurgitation, severe mitral regurgitation, and a ventricular 
septal defect can all manifest the same ejection pattern in this 
view. Low preload and low afterload are distinguished by the 
end-diastolic area; a small area during both end-diastole and 
end-systole suggests low preload. Conversely, a small LV 
end-systolic area with a normal area in end-diastole is more 
consistent with a low afterload pattern. In both cases, the LV 
may exhibit hyperdynamic systolic function.

Several studies have compared or correlated LV preload 
assessment by TEE with measurements of filling pressures. 
In one study, TEE provided a more sensitive method of 
detecting hypovolemia than traditional hemodynamic param-
eters of ventricular preload, such as central venous pressure 
and pulmonary capillary wedge pressure [156].

Data are limited regarding TEE-guided manipulations of 
ventricular preload in young patients with CHD. In a small 
number of pediatric patients weighing 3–15  kg who were 
undergoing elective repair of various congenital heart 
defects, Reich et  al. attempted to determine whether TEE 
could identify alterations in cardiac filling resulting from 
manipulations of blood volume [157]. Changes in LV end- 
diastolic and end-systolic areas in the TG Mid Pap SAX 
view and hemodynamic data were assessed during several 
interventions after sternal closure. Measurements obtained at 
baseline, on phlebotomy, and after the reinfusion of blood 
showed that decreases in blood volume as small as 5–8% 
were associated with a reduction in LV end-diastolic area, as 
well as central venous and systemic arterial pressures. Thus, 
both qualitative and quantitative measurements documented 
changes in LV filling, thereby validating TEE as a useful 
monitor of cardiac preload in children.

 Assessing Systolic Left Ventricular Function
Echocardiography allows qualitative and quantitative mea-
surement of ventricular systolic function and contractility 
(for an in-depth discussion on the subject, refer to Chap. 5) 
(Fig. 18.3). Qualitative assessment of LV systolic function 
by TEE requires multiple imaging planes but relies primarily 
on the TG Mid Pap SAX view. Each of the six LV wall seg-
ments is examined for motion and thickening during systole, 
which can be suggestive of global or regional wall 
 abnormalities. Normal systolic ventricular wall motion con-
sists of inward motion with wall thickening of 50% from 
baseline. Each segment that shows abnormal LV wall motion 
during systole is graded as follows: (1) hypokinetic—the 
segment has less thickening and moves inward, (2) aki-
netic—the segment does not thicken or move, or (3) dyski-
netic—the segment moves paradoxically during systole and 
does not thicken [68].

Quantitative assessment of LV systolic function includes 
estimating stroke volume (SV) and ejection fraction (EF) 
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[68, 158]. Both are commonly determined by using 2D echo-
cardiography by the method of discs technique, which 
involves tracing the end-diastolic and end-systolic ventricu-
lar areas in a two-chamber or four-chamber view [159]. This 
technique is time-consuming and requires making assump-
tions about chamber shape, uniform global myocardial func-
tion, and loading conditions [151]. As described above, 3D 
echocardiography using semiautomated or more advanced 
software with tracking of the endocardium throughout the 
cardiac cycle can measure LV volume and EF. Newer imag-
ing modalities such as tissue Doppler imaging, speckle 
tracking, and real-time 3D echocardiography (RT-3DE) have 
improved the assessment of LV systolic function [68]. 
Although the technology continues to evolve, the 3D assess-

ment of cardiac chamber quantification continues to be 
 time- consuming and as previously noted, not practical in the 
intraoperative setting. 

Simple linear and area measures can be used as indices of 
LV systolic performance but should not be confused with mea-
surements of EF. Fractional area change (FAC), for example, 
is a calculated index from area measurements: 

 
FAC 

end-diastolic area end-systolic area

end-diastolic are
�

�
aa  

The areas from which FAC is calculated are measured by 
tracing the LV endocardial border at end-diastole (ECG R 
wave) and end-systole (smallest cross-sectional area) from the 
midesophageal long-axis view (ME LAX; transducer angle 
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Fig. 18.3 Evaluation of Left Ventricular Function by Echocardiography. 
Left ventricular function can be assessed using different techniques as 
displayed in the graphic. (a) Shortening fraction estimates systolic 
function using linear measurements of end-diastolic (EDD) and end- 
systolic (ESD) left ventricular (LV) chamber dimensions from a TG 
Mid Pap SAX view. (b) Fractional area change measures end-diastolic 
and end-systolic LV chamber areas from a TG Mid Pap SAX view. (c) 
Simpson’s method of discs uses ME four and two-chamber views to 
trace the endocardium at end-diastole (ED) and end-systole (ES). 
Integrated machine software divides the LV into slices to calculate the 
volume. (d) Tissue Doppler imaging of the lateral mitral valve annulus 
demonstrates a systolic velocity (S’) and two opposite directed veloci-
ties, in early diastole (E’) and late diastole (A’) (graphic representation 
from a DTG window). The S’ wave velocity provides an estimate of LV 

ejection fraction. IC isovolumetric contraction, IR isovolumetric relax-
ation. (e) Myocardial performance index (MPI) is measured using spec-
tral Doppler of the aortic outflow and mitral inflow as described in this 
chapter (also refer to Chap. 5). AVV atrioventricular valve, ET ejection 
time, ICT isovolumic contraction time, IRT isovolumic relaxation 
time.  (f) Strain and strain rate can be easily measured using speckle 
tracking (shown here for a ME LAX view) and peak longitudinal sys-
tolic strain displayed in a bull’s eye format. (g) Three-dimensional 
assessment of an endocardial cast derived from a 3D dataset can be 
analyzed to estimate LV volumes and ejection fraction. Source for (a–c, 
e and g): From, Vegas A. Perioperative Two-Dimensional 
Transesophageal Echocardiography: A Practical Handbook, 2nd Ed. 
New York: Springer; 2018; with kind permission of Springer Science 
and Business Media
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~120°–140°) or TG Mid Pap SAX cross-section. However, it 
is important to remember that FAC is not equivalent to EF, 
which is a volume measurement. Instead, FAC serves as 
another method for estimating ventricular systolic function.

In pediatric and adult patients, RT-3DE is feasible for 
volumetric analysis of the abnormal LV, allowing for accu-
rate determination of volume and EF and being comparable 
to MRI measurements [145–147, 149, 150]. Evidence sug-
gests that in patients with CHD, 3DE measures LV volume 
and function more accurately and reproducibly than 2D 
methods. Lu et al. reported that M-mode, 2D, and RT-3DE 
measurements all correlated well with MRI measurements, 
but the correlation was strongest for RT-3DE [146]. M-mode 
provides the most efficient assessment of LV indices, but the 
measurements are less accurate and reproducible than those 
made with 2D and 3D echocardiography. M-mode measure-
ments are rarely performed in the intraoperative setting. 
Three-dimensional echocardiography using automated anal-
ysis is superior to M-mode and 2D echocardiography for 
measuring LV indices. Therefore, RT-3DE using the auto-
mated algorithm is the method of choice for obtaining LV 
indices, assuming 3D hardware and relevant software.

The myocardial performance index (MPI; also known as 
the Tei index), a Doppler-derived parameter, has been used 
as a measure of global ventricular function (refer to Chap. 5). 
The index incorporates both systolic and diastolic time inter-
vals and has been considered to reflect both, systolic and dia-
stolic performance [160]. The MPI is defined as the sum of 
isovolumic contraction time (ICT) and isovolumic relaxation 
time (IRT) divided by ejection time (ET):

 
MPI

ICT IRT
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�

�
 

The longer the isovolumic times, the higher the MPI and 
the worse the ventricular performance.

The index can be measured for either the LV or RV from 
pulsed-wave Doppler interrogation of the respective AV 
valve and outflow tract or derived using tissue Doppler. For 
either ventricle, the sum of the ICT and IRT is derived from 
the Doppler interval between cessation and onset of flow 
across the respective atrioventricular valve (from end of the 
A wave to the beginning of the E wave) minus the ET. Studies 
have established normal values for both adults and children. 
The MPI index has been applied to the assessment of LV and 
RV function in patients with CHD, as well as in the evalua-
tion of complex ventricular geometries [161–163]. It has also 
been used in the intraoperative setting to compare the cardio-
vascular effects of anesthetic agents in children with CHD 
[164]. Although there was initial enthusiasm for the MPI as 
a diagnostic and prognostic marker of various clinical condi-
tions, recent studies have raised concerns regarding the reli-
ability of this parameter when used for assessment of 
ventricular function [165]. There are also reservations 

regarding the use of this index in the setting of changing 
loading conditions [166].

 Assessing Systolic Right Ventricular Function
There is increasing recognition that right ventricular (RV) sys-
tolic function has prognostic significance in various disease 
processes, including CHD [167–169]. This is especially rele-
vant in those patients whose RV is the sole systemic ventricu-
lar chamber [170]. The current gold standard for noninvasive 
measurement of RV function is cardiac MRI, although echo-
cardiography remains the most frequently used modality for 
evaluating the RV because of its readily and widespread avail-
ability. The complex shape and peristaltic motion of the RV 
makes its function more difficult to quantify than that of the 
LV, so RV assessment is frequently qualitative, often requiring 
multiple echocardiographic views [171]. Published echocar-
diographic guidelines for evaluating the RV have aided in 
standardizing practice [172]. Three- dimensional echocardiog-
raphy can accurately estimate RV volume, but as in the case of 
the LV, this is also time- consuming and requires offline pro-
cessing of an adequate 3D dataset [173–179]. Three-
dimensional TEE assessments of RV volumes and function 
have shown excellent correlation with 3D TTE in patients with 
normal-sized and dilated RVs [180]. Advances in 3D automa-
tion may soon allow for improved efficiency and reproduc-
ibility in RV chamber quantification. When applied in 
conjunction with TEE, this promises to overcome the chal-
lenges posed by the limited time available to perform 3D RV 
analysis with the currently available methods.

Echocardiographic assessment of the RV begins with com-
paring the relative sizes of the ventricles. The normal RV is 
shaped differently than the LV. It appears triangular in long-axis 
(LAX) views and crescent-shaped in short-axis (SAX) views. 
The best correlation of measured RV volumes between 2D TTE 
and TEE has been obtained by using maximal SAX dimension 
and RV area measured in the midesophageal four-chamber view 
(ME 4-Ch). The recommended measurements for assessing RV 
size by 2D TTE include end- diastolic diameters measured at the 
basal and mid-cavity levels, end-diastolic length, and end-dia-
stolic and end-systolic planimetered areas in apical four-cham-
ber views. Qualitative rather than quantitative assessment of RV 
function is based on endocardial wall thickening and motion. 
Quantitative RV indices include FAC, tricuspid annular plane 
systolic excursion (TAPSE), and the myocardial performance 
index. It is important to remember that RV shape changes with 
pressure or volume overload, and this shape change must be 
accounted for when assessing RV function.

 Assessing Diastolic Ventricular Function
There is increasing interest in the routine echocardiographic 
evaluation of diastolic function in both pediatric and adult 
patients, because abnormalities of ventricular relaxation and 
compliance are known to contribute to perioperative morbid-
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ity [181–186]. Such evaluations have relied heavily on the 
use of Doppler modalities, particularly spectral analysis, to 
examine LV filling alterations that may correlate with dia-
stolic function (refer to Chap. 5).

Diastolic dysfunction plays a major role in many congeni-
tal and acquired disorders in the pediatric age group [187–
192]. Unfortunately, there are several obstacles to evaluating 
diastolic function in young patients, including the many con-
founding variables that can interfere with Doppler assessment 
and interpretation of findings. Applying criteria developed for 
TTE to the TEE approach further magnifies these difficulties 
[193]. Thus, the use of TEE to assess diastolic function in chil-
dren with CHD remains of limited utility and an important 
area of ongoing investigation [194–197].

 Detecting Myocardial Ischemia
TEE is a sensitive tool for detecting and monitoring myocar-
dial ischemia. Myocardial ischemia affects both global and 
regional systolic function. In detecting intraoperative isch-
emia, TEE findings suggestive of compromised coronary 
perfusion are more sensitive than ECG-detected ST-segment 
changes [198] or elevations of pulmonary capillary wedge 
pressure [199]. Therefore, the qualitative assessment of 
RWMA by TEE is widely used in the perioperative care of 
patients at risk for compromised coronary blood flow during 
cardiac or noncardiac surgery [200].

Although limited data are available, a few investigations 
have described the use of TEE to detect myocardial ischemia 
in children undergoing interventions that involve manipulat-
ing the coronary arteries [201]. Rouine-Rapp et al. prospec-
tively studied neonates undergoing an arterial switch 
operation for transposition of the great arteries to determine 
whether RWMA, as identified by intraoperative TEE, indi-
cated myocardial ischemia [202]. This investigation found 
that when multiple RWMA areas were present, the regional 
wall dysfunction persisted at the time of chest closure. 
Relative to those with normal wall motion after surgical 
repair, infants with RWMA had more postoperative ischemic 
events as indicated by Holter monitoring (ST-segment 
changes) and elevated cardiac troponin I levels, confirming 
the correlation between TEE-detected RWMA and myocar-
dial ischemia. In more recent work, intraoperative coronary 
Doppler patterns obtained by TEE plus epicardial echocar-
diography have also been associated with clinical outcomes 
after the arterial switch operation [203, 204].

These observations validate the usefulness of TEE in the 
early diagnosis of compromised myocardial blood flow and 
support the perioperative use of this modality in infants and 
children at elevated risk of myocardial ischemia or infarction 
during congenital heart surgery. It is likely that this application 
would also benefit pediatric patients undergoing interventions 
for acquired cardiovascular disease and adults with CHD who 
may have comorbidities that affect coronary blood flow.

 Impact on Anesthetic and Hemodynamic 
Management

An extensive literature supports the role of TEE in clinical 
decision-making in adult patients. Several studies have also 
demonstrated the benefits of TEE regarding hemodynamic 
monitoring and modifications of medical management in 
pediatric patients with congenital and acquired cardiovascu-
lar disease, as well as adults with CHD. These reports include 
experiences worldwide.

Specific changes in anesthetic management triggered by 
TEE may include, for example, the alternate selection of 
technique or drugs with a lesser impact on parameters such 
as myocardial function or systemic vascular tone, adminis-
tration of intravenous fluid to optimize ventricular preload, 
initiation of inotropic agents as needed in the presence of 
myocardial dysfunction, and administration of vasopressors 
in hypotensive states associated with adequate ventricular 
volume and contractility.

Two previously mentioned studies, both of which included 
a large number of patients, evaluated the monitoring value of 
intraoperative TEE and the resulting changes in medical care 
[88, 91]. In one of these studies, Sloth et al. from Denmark 
collected data from 532 consecutive children who underwent 
heart surgery during a 5-year period [88]. Among these 
patients, TEE identified new information in 45%, and in 8% 
(43 out of 532), this information was instrumental in direct-
ing or changing medical management. The most frequent 
interventions were changes in inotropic strategy related to 
ventricular dysfunction and volume replacement. In the sec-
ond study, Bettex et al. analyzed data from 865 intraopera-
tive examinations performed at two specialized congenital 
heart surgery centers [91]. TEE assisted medical manage-
ment in 19.4% of cases, leading to changes that optimized 
ventricular filling and pharmacologic therapy.

 Cost-Effectiveness of Intraoperative TEE

The early experience with using epicardial imaging during 
congenital heart surgery not only showed its benefits for sur-
gical management but also suggested that these benefits jus-
tified the costs involved [1]. Ungerleider and coworkers 
reported that the costs of performing intraoperative studies 
were offset by the savings in operating room time and, in 
some cases, the prevention of suboptimal results necessitat-
ing reoperation [10]. In a subsequent report, a more formal 
cost-benefit analysis showed that hospital costs were higher 
for patients who required a reoperation than for patients who 
underwent immediate revision prompted by echocardio-
graphic findings [87]. These findings provide clear and com-
pelling evidence of the financial benefits of intraoperative 
echocardiography.
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Other studies have also examined the issue of cost- 
effectiveness of intraoperative TEE. Relatively early in the 
experience of intraoperative TEE, Benson and Cahalan per-
formed a cost-benefit analysis involving various types of car-
diac surgical patients, including those with CHD [205]. From 
published data regarding the effectiveness of TEE in identi-
fying residual defects that required immediate revision dur-
ing interventions for CHD in infants and children, their 
analysis showed a definite financial patient benefit per TEE 
study performed. In fact, among patients undergoing cardiac 
surgery, those with CHD derived the greatest overall finan-
cial benefit. Their analysis indicated that the financial gain 
associated with TEE was substantial, frequently outweighing 
the costs of repeat surgery.

Siwik et al. examined the costs and resources required 
in performing routine TEE services as an adjunct to con-
genital heart surgery in a case-controlled analysis of 63 
children undergoing elective, complex intracardiac repairs 
[206]. This study concluded that the routine use of TEE in 
these children was cost-effective because it did not signifi-
cantly increase echocardiography costs in the combined 
operative and postoperative periods. There was a trend 
toward fewer echocardiographic studies in the TEE group, 
suggesting that the routine use of TEE reduced the need 
for additional postoperative studies in the intensive care 
unit (ICU). This cost benefit was independent of any 
impact of TEE on clinical outcomes. No patient in this 
cohort required return to CPB, and surgical therapy was 
altered by TEE findings in 3% of patients. Complications 
from TEE were rare and self- limited, and they often 
occurred during probe placement or manipulation in 
smaller patients.

Randolph et al., in a large study of the value of TEE, esti-
mated that an intraoperative TEE service would pay for 
itself, even without considering any benefits derived from the 
preoperative examination [89]. A retrospective review by 
Bettex et al. of 580 TEE studies performed over a period of 
10 years in patients younger than 17  years (mean age 
35 months) examined the cost-effectiveness of routine intra-
operative TEE in pediatric cardiac surgery [207]. Thirty- 
three patients required reinitiation of CPB according to TEE 
findings. The study proposed a savings of $690 to $2190 per 
patient, based on conservative calculations assuming the cost 
of reoperation and complications related to a residual defect. 
This calculation probably underestimated the true cost- 
effectiveness of routine intraoperative TEE; a meta-analysis 
by Levin et al. showed that the cost-savings per TEE ranged 
from $194 to $4910, with a mean of $1930 [208].

In summary, although the number of formal investiga-
tions of this issue is relatively small, all published work to 
date has demonstrated substantial cost benefit from the use 
of TEE during congenital heart surgery, particularly in the 
pediatric population.

 Limitations and Pitfalls of Intraoperative TEE

Despite ubiquitous and beneficial use, TEE has important 
limitations [209]. Whereas TTE involves transducer interro-
gation through different chest wall locations, allowing a 
comprehensive examination of cardiovascular structures, the 
gastroesophageal region restricts TEE transducer location, 
limiting the information that can be obtained in some cases. 
The confinement of the TEE probe can result in poor image 
quality, limited imaging windows, and suboptimal Doppler 
angle alignment in some patients. It is difficult to image by 
TEE far-field anterior structures and those obscured by the 
air-filled tracheobronchial tree, such as the distal left pulmo-
nary artery, the transverse aortic arch, and the distal ascend-
ing aorta [2, 210, 211]. In addition, it might not be feasible to 
image vascular structures within the thorax, such as the 
upper SVC, innominate vein, and anomalous systemic and 
pulmonary veins. Therefore, epicardial echocardiography 
can complement TEE to visualize these structures [212]. 
Other potential challenges of intraoperative TEE are inter-
preting on-screen images under bright operating room lights, 
time constraints, and clinical conditions that may limit the 
ability to perform a comprehensive examination.

Potential pitfalls of TEE include failure to recognize 
important information and misinterpretation of data, leading 
to erroneous diagnoses. It is well-known that factors such as 
the immediate post-bypass catecholamine state, loading con-
ditions, and myocardial function can interfere with the inter-
pretation of echocardiographic findings, causing the imager 
to underestimate or overestimate the hemodynamic severity 
of the patient’s condition. The optimal conditions for hemo-
dynamic assessment in most postoperative patients are those 
that reflect an equilibrium or steady state. The continuously 
changing nature of respiratory, hemodynamic, pharmaco-
logic, and anesthesia-related interventions makes it 
 challenging, if not nearly impossible, to accurately assess a 
patient’s hemodynamic status in the operating room. Thus, 
the findings from the intraoperative TEE should be inter-
preted in this context.

 Return to Cardiopulmonary Bypass 
Decisions

Decisions regarding return to CPB are complex. They should 
not rely solely on TEE findings but should also integrate 
clinical information, level of inotropic support, hemody-
namic data, and, very importantly, the risk-benefit ratio of a 
reintervention. In most cases, this decision involves clinical 
judgment based not only on the echocardiographic findings 
but also on factors such as the likelihood of obtaining an 
adequate or better result balanced against the risk of poten-
tial morbidity related to additional surgery, CPB, and myo-
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cardial ischemic time. In some situations, echocardiographic 
findings can predict the early need for reoperation, suggest-
ing that revising the surgical procedure will be beneficial 
[213–217].

A report by Kausal et al. highlights some of the difficul-
ties regarding return-to-CPB decisions [218]. This group 
explored the question of whether significant intraoperative 
right ventricular outflow tract (RVOT) gradients after tetral-
ogy of Fallot repair represented an indication for revision in 
166 patients (median age 7  years). “Significant” RVOT 
obstruction (gradient >40  mmHg, RV-to-LV pressure 
ratio > 85%) occurred in 35% of patients after the interven-
tion. Only 12% of these patients had fixed RVOT obstruc-
tion, which required immediate surgical revision; the 
remaining 88% of patients had dynamic RVOT obstruction, 
which was not judged to require surgical reintervention. 
Interestingly, irrespective of the severity of the obstruction 
detected intraoperatively, outflow gradients declined sharply 
on follow-up (mean 18.5 months after surgery). No reopera-
tions or late deaths were reported. The authors indicated that 
intraoperative echocardiography was helpful in distinguish-
ing fixed from dynamic obstruction, thereby obviating need-
less revisions. They also concluded that in this patient group, 
dynamic RVOT gradients declined significantly irrespective 
of their initial severity. The implication of this study is that 
gradients by themselves, regardless of their severity, cannot 
be used in isolation to judge the need for surgical revision.

One of the major applications of intraoperative TEE is in 
the evaluation of residual intracardiac shunting after repair 
of ventricular septal defects (VSD) and assessment of the 
potential need to return to bypass. The finding of residual 
ventricular-level shunting can present a clinical dilemma in 
some cases regarding its hemodynamic significance and 
need for reoperation. A few studies have addressed this issue 
by examining frequency, significance, and implications of 
residual VSDs detected intraoperatively. Yang et al. noted a 
prevalence of residual shunting in a third of patients under-
going VSD closure (96 out of 294) [219]. However, most 
defects were insignificant, in fact, two-thirds closed by hos-
pital discharge. The study suggested that a residual VSD that 
measures ≥4 mm or a shunt greater than 1.5:1 should be con-
sidered for immediate reoperation while a 3  mm defect 
requires additional information to determine hemodynamic 
significance. A retrospective review by Hanna et al. investi-
gated the predictive value of the diagnosis of a residual VSD 
identified by intraoperative TEE in 690 patients who were 
followed longitudinally [215]. In their study, the detection of 
a residual shunt in the operating room was also a fairly com-
mon finding, occurring in 37% of the cohort. In the majority 
of cases, however, the defect was trivial and resolved sponta-
neously. The study found that the detection of a residual 
shunt at the site of the repair carried an overall positive pre-
dictive value of only 15% in the long term and noted that 

most residual defects need surgical intervention only rarely. 
These two studies provide data regarding the eventual course 
of residual shunts detected intraoperatively after VSD clo-
sure and support the clinical impression of the infrequent 
need to return to bypass in most cases.

 Correlation of Intraoperative 
and Postoperative Echocardiographic 
Findings

Few data show a correlation between intraoperative and 
postoperative echocardiographic information, and some lit-
erature in fact points to disagreement in some cases [220, 
221]. It is not altogether surprising that a discrepancy might 
exist between intraoperative and postoperative echocardio-
graphic findings. As noted above, changing hemodynamic 
conditions in the operating room likely affect clinical find-
ings, particularly assessments of valvar stenosis and regurgi-
tation. Moreover, the quality of echocardiographic imaging 
can differ substantially between the intraoperative TEE and 
postoperative TTE studies. Finally, changes can occasionally 
occur in a surgical repair, even within a few days postopera-
tively, and these might also affect its echocardiographic 
appearance.

Lee et al. examined the validity of intraoperative TEE in 
predicting the severity of mitral regurgitation (MR) at fol-
low- up in patients after complete repair of atrioventricular 
septal defects [220]. The MR severity was quantified as the 
ratio of the maximum MR jet area by color flow Doppler 
imaging to the left atrial area on 2D imaging, using biplane 
TEE after weaning from CPB but before chest closure. A 
discrepancy in the MR grade occurred in 47% of patients, 
with the majority having a higher MR grade on follow-up. 
This suggested that the MR grade as assessed by TEE 
 immediately after surgery may not predict the degree of 
regurgitation at follow-up.

Honjo et al. evaluated 42 consecutive children who under-
went valve repairs and identified significant discrepancies 
(disagreement in 64%) between the intraoperative TEE and 
postoperative TTE findings before hospital discharge [221]. 
In most cases, residual atrioventricular valve regurgitation 
was underestimated in the operating room, whereas there 
was reasonable agreement between intraoperative and post-
operative estimates of aortic valve regurgitation.

A retrospective study aimed to examine the routine prac-
tice of predischage TTE after congenital heart surgery found 
that abnormal findings on this examination were very com-
mon (51%; 265 out of the 462 patients) [222]. The findings 
included valve regurgitation, hemodynamic obstruction, ven-
tricular dysfunction, unintended shunt, or pericardial effu-
sion. In some patients, the abnormalities were of greater than 
mild severity and were associated with adverse clinical 
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events. When the results of intraoperative TEE at the conclu-
sion of surgery were compared with TTE findings prior to 
hospital discharge, only fair to moderate concordance was 
identified. These results underscore the fact that postoperative 
TTE is often necessary, and rarely should intraoperative TEE 
be the only echocardiographic study obtained after surgery.

 TEE for Evaluation in the Postoperative 
Setting

The role of TEE in the cardiac critical care unit and other 
postoperative settings has been extensively documented at 
many centers (refer to Chap. 19 for in depth discussion) 
[223–231]. The use of TEE in critically ill patients is more 
common in adults. Since children generally have more favor-
able transthoracic windows, adequate information can often 
be obtained by standard TTE.  However, in postoperative 
pediatric patients, the superior resolution of TEE can facili-
tate morphologic and functional assessment when TTE is 
suboptimal because of lung interference, an open sternum, or 
the presence of bandages [232, 233].

Mechanical circulatory support in the pediatric age 
group has received increasing attention in recent years as 
size- appropriate hardware has become available. Applying 
existing technologies and novel devices can help address 
circulatory failure in patients with CHD and other disor-
ders. The use of TEE in the operating room, critical care 
unit, or both facilitates care of these patients by aiding can-
nula and device positioning, assessing cardiac chamber 
decompression, evaluating ventricular loading conditions, 
and quantifying recovery of myocardial function (refer to 
Chap. 20) [234–236]. In addition, TEE can help optimize 
pharmacologic and other medical therapies and provide 
information regarding a patient’s readiness for weaning 
from support.

Although several investigations have documented the value 
of TEE in assessing cardiac output and systemic vascular 
resistance in critically ill adult patients, these types of assess-
ments have not yet been validated in children [237, 238].

After congenital cardiac surgery, TEE can assist in the 
further characterization of unexpected or unusual findings or 
abnormalities that were suspected but not adequately defined 
by TTE. A subset of patients with an unanticipated or com-
plicated immediate postoperative course may require further 
diagnostic evaluation; in some cases, the diagnostic capabili-
ties of TEE can obviate the need for alternative, and some-
times more invasive, imaging studies [239].

The American College of Cardiology Foundation and the 
American Society of Echocardiography, in combination with 
key specialty and subspecialty societies, published an appro-
priateness review for the use of echocardiography in 2007 
[240]. The report was subsequently updated in 2011 [241]. 
The writing groups rated clinical indications in adults (age 
18 years or older) in both inpatient and outpatient clinical 
settings. These publications were based on the general 
assumption that TEE is used primarily as an adjunct or sub-
sequent test to TTE, but indications for TEE as an initial or 
supplemental study were also considered. Intraoperative 
applications were not addressed by the writing group. With 
respect to postoperative indications for TEE, those generally 
considered appropriate by both, the working group and in 
recently published pediatric and congenital TEE guidelines, 
are listed in Table 18.4 [3, 242].

Data regarding the applications of TEE in children in the 
immediate postoperative period are quite limited, and indica-
tions comparable to those in the adult patient have not yet been 
clearly defined. Nonetheless, many situations are analogous to 
those encountered in adults, and the clinical experience sug-
gests that TEE, when used in a judicious and appropriate man-
ner, can provide real and important benefits in the postoperative 
and critical care settings (refer to Chap. 19).

Table 18.4 Postoperative indications for transesophageal echocardiography

• Assessing cardiovascular anatomy and function when TTE is not diagnostic
• Evaluating potential shunts when TTE images are inadequate, particularly in patients with unexplained cyanosis
• Assessing mechanism of right or left ventricular outflow tract obstruction
• Assessing valvar stenosis and/or regurgitation, severity and mechanisms
• Evaluating complex intracardiac or extracardiac baffles (e.g., atrial baffles procedures such as post Senning or Mustard operation, Fontan)
• Evaluating for a cardiovascular source of embolic event
• Evaluating for intracardiac thrombus before cardioversion for atrial flutter/fibrillation, radiofrequency ablation, or both
• Evaluating suspected endocarditis (vegetation or abscess)
•  Re-evaluating infective endocarditis in patients with virulent organism, severe hemodynamic lesion, aortic involvement, persistent 

bacteremia, a change in clinical status, or symptomatic deterioration
• Evaluating prosthetic valve with suspected dysfunction or thrombosis or a change in clinical status
•  Re-evaluating prior TEE finding for interval change (e.g., resolution of vegetation after antimicrobial therapy, thrombus status after 

anticoagulation)
•  Evaluating pericardial conditions (e.g., pericardial mass, effusion, constrictive pericarditis, effusive-constrictive conditions, patients 

post-cardiac surgery, or suspected pericardial tamponade)
• Evaluating suspected aortic disease (e.g., dissection)
• Evaluating hypotension or hemodynamic instability of uncertain or suspected cardiac origin
• Guiding transcatheter interventions after surgery
• Guiding placement of mechanical circulatory assist devices
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 Summary

The overwhelming contributions of TEE have led to this 
imaging tool becoming the standard of care for intraopera-
tive assessment of most congenital heart repairs and surgical 
interventions for pediatric acquired heart disease at many 
centers. Extensive experience has documented a substantial 
overall impact on surgical decision-making and significant 
applications that include surgical planning, evaluating the 
intervention, and guiding surgical revision as necessary. 
Contributions to anesthetic care include real-time  monitoring 
of ventricular filling and myocardial performance, ensuring 
adequate cardiac deairing, and optimizing hemodynamic 
management strategies. Intraoperative TEE assists in the for-
mulation and optimization of plans for postoperative care 
and provides important postoperative information. Although 
it has not been formally assessed in a rigorous scientific 
manner, the experience regarding the intraoperative and 
postoperative contributions of TEE is compelling enough to 
conclude that this technology has a substantial positive 
impact on clinical outcome in pediatric patients and adults 
with CHD.

 Questions and Answers

 1. All of the following devices allow imaging of the heart in 
transverse or horizontal planes EXCEPT
 a. Biplane TEE probe
 b. 3D TEE Probe
 c. Micro-multiplane TEE probe
 d. Intracardiac catheter (ICE) when used via the trans-

esophageal approach
 e. Monoplane TEE probe

Answer: d
Explanation: All standard TEE imaging probes allow 

imaging in the transverse (horizontal or 0°) plane except for 
the ICE catheter, which incorporates a single longitudinal 
(vertical or 90°) imaging plane.

 2. Among adults with CHD, which of the following is con-
sidered one of the most frequent  indications for TEE 
imaging
 a. Evaluating suspected intracardiac  thrombus when 

TTE is nondiagnostic
 b. Routine evaluation of an  asymptomatic patient with 

corrected ventricular septal defect who is lost to 
follow-up

 c. Evaluating native or prosthetic valve in a patient with 
transient fever

 d. Evaluating a patient with atrial flutter when anticoagu-
lation is planned and cardioversion is being deferred

 e. Yearly evaluation of pulmonary regurgitation in 
an obese patient after tetralogy of Fallot repair

Answer: a
Explanation: Among non perioperative indications, evalu-

ating suspected intracardiac thrombus when TTE is nondiag-
nostic in the adult patient  represents one of the most 
frequent indications for the use of the technology. Although 
TEE might be appropriate in certain adult patients with the 
other conditions listed, these in general represent less likely 
indications. 

 3. All of the following statements with respect to three- 
dimensional TEE imaging are true EXCEPT
 a. Using the technology requires additional expertise 

over 2D imaging
 b. Probes capable of 3D imaging incorporate all features 

available in 2D imaging devices
 c. 3D should replace 2D imaging in evaluating complex 

congenital heart disease
 d. 3D TEE can be used to assess LV volume
 e. Measurements of LV volume are load dependent

Answer: c
Explanation: 3D imaging should complement, rather than 

replace, 2D imaging in the assessment of CHD.

 4. Which of the following statements best describes the 
intraoperative TEE assessment of LV function
 a. Current technology allows expeditious quantitative 

evaluation
 b. Fractional area change can be equated to EF
 c. 2D measurements of EF have the same accuracy and 

reproducibility as 3D methods
 d. Ejection fraction implies a volume measurement
 e. M-mode assessment of LV indices is as accurate as 2D 

and 3D echocardiography

Answer: d
Explanation: Ejection fraction determinations rely on 

volumetric assessments. Although FAC serves as a method to 
estimate LV function, the parameter is derived from mea-
surements of area, not volume, unlike EF. Current technol-
ogy for the quantitative evaluation of LV systolic function is 
time- consuming; thus, in the intraoperative setting, func-
tional assessment tends to be qualitative. In patients with 
CHD, 3D echocardiography provides better accuracy and 
reproducibility than 2D methods in measuring LV volume 
and function. M-mode is currently rarely use in the intraop-

W. C. Miller-Hance and A. Vegas



601

erative setting and is the least accurate and reproducible 
technique compared with 2D and 3D imaging.

 5. Useful applications of TEE in perioperative management 
include
 a. Ensuring cardiac deairing before the aortic cross- 

clamp is removed
 b. Confirming the preoperative diagnosis
 c. Selecting appropriate inotropes and vasoactive drugs
 d. Excluding residual hemodynamically significant intra-

cardiac shunts
 e. All of the above

Answer: e
Explanation: TEE has been shown to be beneficial in all 

listed applications.
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