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P ROFICIENCY in transesophageal echocardiography 
(TEE) requires both cognitive and manual skills.1,2 

During standard TEE training, a trainee gains knowledge 
primarily through reading and lectures, supplemented by 
bedside teaching. However, image acquisition skills can only 
be gained at the bedside and require repetitive exposure and 
practice. One challenge of this method of education is that 
pressures of the clinical environment, such as limitations 
on work hours and variations in patient volume, may not 
provide enough time for each trainee to acquire sufficient 
skills.3 Another challenge is that the patient population and 
presentation is unpredictable and does not provide gradu-
ated lessons from normal to abnormal or simple to com-
plex presentation.1,4,5 Finally, ensuring that the trainee has 
gained proficiency is difficult—cognitive understanding can 
be tested with standardized questionnaires, but manual skills 
can only be subjectively implied.

Medical simulation has evolved to include haptic devices for 
the acquisition of motor skills.6–17 Because no patient needs to 
be present, simulator-based training might teach basic skills in 
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ual	skills	 in	a	simulation-based	TEE	curriculum,	and	(3)	skills	
learned	by	echo-naive	trainees	in	a	simulation-based	TEE	cur-
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ABSTRACT

Background: Transesophageal echocardiography (TEE) is a complex endeavor involving both motor and cognitive skills. Cur-
rent training requires extended time in the clinical setting. Application of an integrated approach for TEE training including 
simulation could facilitate acquisition of skills and knowledge.
Methods: Echo-naive nonattending anesthesia physicians were offered Web-based echo didactics and biweekly hands-on ses-
sions with a TEE simulator for 4 weeks. Manual skills were assessed weekly with kinematic analysis of TEE probe motion and 
compared with that of experts. Simulator-acquired skills were assessed clinically with the performance of intraoperative TEE 
examinations after training. Data were presented as median (interquartile range).
Results: The manual skills of 18 trainees were evaluated with kinematic analysis. Peak movements and path length were found 
to be independent predictors of proficiency (P < 0.01) by multiple regression analysis. Week 1 trainees had longer path length 
(637 mm [312 to 1,210]) than that of experts (349 mm [179 to 516]); P < 0.01. Week 1 trainees also had more peak move-
ments (17 [9 to 29]) than that of experts (8 [2 to 12]); P < 0.01. Skills acquired from simulator training were assessed clinically 
with eight additional trainees during intraoperative TEE examinations. Compared with the experts, novice trainees required 
more time (199 s [193 to 208] vs. 87 s [83 to 16]; P = 0.002) and performed more transitions throughout the examination 
(43 [36 to 53] vs. 21 [20 to 23]; P = 0.004).
Conclusions: A simulation-based TEE curriculum can teach knowledge and technical skills to echo-naive learners. Kinematic 
measures can objectively evaluate the progression of manual TEE skills. ( Anesthesiology 2014; 121:389-99)
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invasive procedures while minimizing patient risk.1 Simulation-
based educational programs have demonstrated improvement 
in performance of some clinical tasks including laparoscopic 
and suturing skills during surgical residency training.14,18,19 As 
a result, the American College of Surgeons has mandated that 
accredited surgical residency programs participate in the Fun-
damentals of Laparoscopic Surgery initiative.11,20,21 Similarly, 
these principles have been extended to the training of other 
invasive procedures (e.g., Fundamentals of Endoscopic Surgery 
program). Fundamentals of Endoscopic Surgery is a curricu-
lum-based program, which incorporates Web-based didactics 
and hands-on simulator training.11,22 Such training and evalua-
tion initiatives are a paradigm shift from the traditional Halsted 
apprenticeship model of clinical training.23,24

In the context of changing training paradigm, the recent 
development of realistic echocardiography simulators might 
also allow for a safer, more integrated training program in 
TEE.2,15,25,26 A program consisting of a coordinated didactic 
component with focused hands-on simulator training might 
facilitate proficiency in manual skills.11,27 Furthermore, 
because simulators can export data describing the movement 
of the TEE probe, defined kinematic assessment measures can 
now be developed and might be used to evaluate the acquisi-
tion of manual skills. In addition to assessing the skill of a 
trainee, these kinematic measures might also identify whether 
individual aspects of training require additional attention and 
might allow for specific feedback and remedial training of an 
individual. We hypothesized that: (1) TEE simulation tech-
nology can be used to develop kinematic measures, (2) these 
kinematic measures can be used to assess learning of manual 
skills in a simulation-based TEE curriculum, and (3) skills 
learned by echo-naive trainees in a simulation-based TEE 
curriculum could be used in the clinical setting.

Materials and Methods
After Institutional Review Board (Beth Israel Deaconess 
Medical Center Committee on Clinical Investigations, Bos-
ton, MA) approval with waiver of informed consent, this 
prospective study was conducted in five 4-week training ses-
sions between August 2011 and December 2011.

Participants
Nonattending anesthesiology physicians in training were 
invited to participate in the study. Trainees were selected 
based on rotation and call schedules without infringing 
on core lecture requirements and with keeping in mind 
Accreditation Council for Graduate Medical Education 
requirements. Exclusion criteria were (1) individuals who 
participated in a previous or current dedicated TEE rotation 
during training, (2) individuals who had structured training 
in echocardiography, (3) individuals who already sat for and/
or passed the NBE Basic or Advanced PTEeXAM exami-
nation, and (4) individuals who personally performed more 
than five examinations or reviewed more than 20 examina-
tions before the start of the course.

Materials
The material support was provided by departmental fund-
ing and consisted of a customized educational Web site 
and a TEE Simulation Center. The simulation center was 
equipped with two Vimedix TEE simulators (CAE Health-
care, Montreal, Canada), which are capable of capturing the 
motion data of TEE probe in real time.

Description of Program
The training program was organized into nine modules 
divided over 4 weeks (for details of the training program, 
see appendix). Course faculty developed this approach and 
have no affiliation or financial relation with any commercial 
entity selling or developing technologies used in this study 
or in the creation of ultrasound equipment, echo simulators, 
or online teaching materials.

The Web-based teaching materials were developed inde-
pendently by the authors and can be used with any type of 
echo-training program, whether classroom, simulator, operat-
ing room based, or hybrid. Each week of the training program 
consisted of two to three online modules, with coordinated 
live educational and hands-on training. The educational pro-
gram located on the Web site consisted of presentations from 
faculty on specific echocardiography topics. The subjects were 
required to complete the specific didactic modules on the Web 
site before participation in the hands-on session for that day. 
In addition, a focused discussion of the topic of the session 
was included in the first 20 to 30 min of each session.

An active clinician certified by the National Board of 
Echocardiography supervised all simulator sessions. The first 
hands-on training session focused on the features of the simu-
lator and TEE probe, and it was designed to provide familiar-
ity with the equipment and the haptic simulator. Subsequent 
training sessions focused on a specific set of images for acqui-
sition, which were coordinated with the didactic program. 
After practice of these specific images, all standard views were 
also obtained from each trainee at the end of each hands-on 
session. On the second day of each week, in addition to the 
focused discussion and hands-on practice, each subject took 
a skills test, which tested the subject on all the components of 
a comprehensive intraoperative examination and not on just 
the focused-on views for the topic of the session.

Acquisition of Cut Planes
We defined a target cut plane (TCP) as the simulator refer-
ence image corresponding to a standard TEE image. Each 
TCP was acquired by a single investigator (F.M.) and agreed 
upon by all investigators as the reference image. On the basis 
of the image quality and resemblance to the standardized 
TEE images, a total of 13 TCPs were selected as the images 
for acquisition of data. The 13 TCPs were the (1) mid-
esophageal two-chamber, (2) mid-esophageal four-chamber 
(ME-4C), (3) mid-esophageal aortic valve long axis, (4) 
mid-esophageal aortic valve short axis, (5) mid-esophageal 
two-chamber with a focus on the left atrial appendage, (6) 
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mid-esophageal four-chamber view with a focus on the left 
upper pulmonary vein, (7) mid-esophageal four-chamber 
view with a focus on the right upper pulmonary vein, (8) 
mid-esophageal right ventricular inflow–outflow, (9) mid-
esophageal mitral commissural, (10) mid-esophageal bi-
caval views, (11) upper esophageal aortic arch long axis, (12) 
upper esophageal aortic arch short-axis views, and the (13) 
transgastric right ventricle inflow view.

For acquisition of images during the study, the probe was 
inserted in the mannequin, and the examination was initi-
ated in the upper esophagus. The subject was first asked to 
acquire an image as close to the ME-4C reference TCP as pos-
sible. From this position (i.e., the ME-4C view), the subject 
was asked to acquire subsequent views as close to the respec-
tive reference TCPs as possible. The TCP image was displayed 
next to the active scan plane and served as a reference for the 
subject (fig. 1; see video, Supplemental Digital Content 1,  
http://links.lww.com/ALN/B43, which is a video loop demon-
strating the sequence of image acquisition by a trainee as he or 
she seeks to acquire the TCP). The subject was asked to return to 
the ME-4C view after acquiring each image so that the starting 
point of all image acquisition sequences except for the ME-4C 
view itself was the ME-4C view. The simulator recorded real-
time data regarding probe tip position, rotation, and omniplane 
angle during probe movement. This sequence was continued 
until all 13 images were captured during each testing session.

Kinematic Analysis
The simulator recorded data continuously, documenting 
the starting point, the change in position in the x, y, and 

z positions, the angular rotation of the scan plane, and the 
roll, pitch, and yaw of the TEE probe over time. The z-axis 
refers to the height of the probe, and x-axis and y-axis refer 
to the horizontal and vertical (cephalad-caudad) motion, 
respectively, of the probe in the chest. Roll, pitch, and yaw 
refer to angular motion of the probe along the x-axis, y-axis, 
and z-axis, respectively (fig. 2). The data were exported from 
the simulator as a Microsoft Excel (Microsoft Corporation, 

Fig. 1. Simulator interface during trainee evaluation. Current probe position is seen at the top left (A). Image obtained by trainee 
appears in the right half of the screen (B), whereas augmented reality image (C) and idealized TCP (target cut plane) (D) are 
shown in the bottom left panel.

Fig. 2. Probe motion. Roll is motion in the horizontal (x) plane, 
pitch is motion in the vertical (y) plane, and yaw is motion 
in relation to the height of the probe in the thorax, or the (z) 
plane. Image of the simulator was reproduced, with permis-
sion, from CAE Healthcare, Montreal, Quebec, Canada.
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Redmond, WA) spreadsheet, and the following data were 
extrapolated:

 Time: The total time required to acquire the image mea-
sured in seconds from the start time until the learner felt 
that the target image was obtained.
 Path length: The sum of all linear and the angular move-
ments of the probe measured as centimeters of total dis-
tance moved. (see examples in fig. 3)
 Lead time: The time before initiation of the first motion 
of the TEE probe after being told to acquire a specific 
image. (see examples in fig. 4)
 Peak movements: The number of times the subject per-
formed rapid motion or change in direction of the TEE 
probe. (see examples in fig. 5)
 Time–Distance multiple: Represents the area under the 
curve of path length over the time of the study.

Data Collection
We enrolled expert examiners, who were certified by the 
National Board of Echocardiography and were at the time 
active clinicians. These experts completed a simulated exami-
nation, that is, acquisition of TCPs that was used to develop 
the objective measures and to compare with the progress of 
the echo-naive subjects.

Manual skill development was assessed at the end of the 
second session (day 2) of each week. The subject was asked to 
perform a TEE examination, which was recorded for analy-
sis. Any subject who missed a training session was provided 
a remedial session held before their next scheduled exposure. 
Subjects who missed two sessions in a row were removed 
from the study.

Clinical Performance
To assess the simulator-acquired skills in a clinical arena, 
eight trainees who went through the simulation-training 

Fig. 3. Path length. Representative three-dimensional path length of a trainee at week 1 (A) and week 4 (B) and of an expert (C) 
for movement of the probe from the mid-esophageal four-chamber view to the mid-esophageal long-axis view. The trainee’s 
first session demonstrates a high number of misdirected probe movements and a long path length to the final image position. 
The trainee’s fourth session shows a more efficient prove movement with fewer misdirections and a shorter path length that ap-
proximates the movement patterns of the expert. The “Start” point is the mid-esophageal four-chamber view; the “End” point is 
where the subject believed the final image (the mid-esophageal long-axis view) was.
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program and had not been exposed to clinical TEE dur-
ing their training were individually taken to the operating 
room to perform perioperative TEE. Both a single expert 
(F.M.) and the trainee conducted the examination on the 
same patient. The expert acquired the images in a standard 
sequence before the arrival of each trainee to allow for a 

standardized comparison. Following that, each trainee was 
asked to acquire the images on the same patient in the same 
standard sequence without any assistance. They were only 
prompted by being given the name of the view to obtain in a 
standard American Society of Echocardiography/Society for 
Cardiovascular Anesthesiology nomenclature.

Fig. 4. Lead time. Representative comparison of lead times for a single trainee at week 1 (A), week 2 (B), week 3 (C), and week 
4 (D). Lead times decreased with each successive week of training. For each graph in this figure, the run was truncated at 120 s 
to allow for clear visualization of the lead time and does not represent the total time for image acquisition.

Fig. 5. Peak motion. Representative comparison of peak motion of trainees at week 1 (A), week 2 (B), week 3 (C), and week 4 (D). 
The number of high-velocity movements required to obtain an image decreased for trainees over time. The velocity threshold to 
count the probe movement was 0.2 cm/s.
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The sequence of the entire examination and final 
images by the expert and trainee were recorded using the 
screen capture system Epiphan DVI2 USB3 (Epiphan 
Systems Inc., Ottawa, Canada) and a Mac Mini (Apple 
Inc., Cupertino, CA) computer. The analog video output 
from the TEE machine (iE33; Phillips Healthcare, Ando-
ver, MA) underwent digital conversion for display on 
the Mac Mini computer. The entire sequence of the TEE 
examination was recorded in real time from start to fin-
ish. The expert and novice examinations were not labeled 
as such on the screen and were coded and digitally stored 
anonymously.

Another expert (R.M.) evaluated the examinations in 
a blinded manner. The expert reviewed the video captures 
and graded the examinations for time required to acquire an 
image, the number of probe transitions used to obtain the 
image, and the quality of the final image compared with an 
ideal view. The time was counted from start to final image. 
The number of probe transitions was determined by count-
ing the number of screen transitions from the reference 
image (i.e., the ME-4C) to the desired image. The image 
quality was graded on six parameters, each being scored as a 
1 (yes) or 0 (no):

1. Anatomic detail: Anatomic detail was assessed by con-
sidering the ease of identifying the outline of cardiac 
and vascular tissues and cavities;

2. Absence of artifacts: Artifacts including dropout, acoustic 
shadowing, and reverberation were noted if present in 
the target image28;

3. Omniplane angle used: Omniplane angle used to achieve 
each target image was compared with those presented in 
the American Society of Echocardiography/Society for 
Cardiovascular Anesthesiology guidelines and consid-
ered appropriate if within 10 degrees in either direction 
from the published standard29;

4. Stability of target image: Stability of target image was 
defined as the ability to hold the target image, once 
achieved, in a frame for at least 3 s;

5. Complete inclusion of structures of interest in frame; and
6. Composition of images similar to reference standards: To 

determine complete inclusion of structures of interest 
and the image composition criteria, the reviewer com-
pared each target image with the image by the American 
Society of Echocardiography/Society for Cardiovascular 
Anesthesiology guideline.29

The total of the scores for the six parameters determined the 
score for overall image quality; a maximum of 6 points was 
awarded with 0 to 2 points considered poor, 3 to 4 points 
moderate, and 5 to 6 points high quality.

Grading for the time required to acquire the image, the 
number of probe transitions used to obtain the image, and 
the quality of the final image was done for each target image 
and averaged for each examination.

Statistical Analysis
We first assessed the kinematic measures to determine 
whether they could be used to assess the skill acquisition 
of the novices. The change of each of the five kinematic 
measures over the course of the 4 weeks was assessed using 
Friedman test. Kinematic measures were averaged for all 
trainees for each week and divided by the number of cut 
planes to derive the mean value. Comparison between 
the first and final week evaluations was performed using 
the Wilcoxon rank sum test and between the novices and 
the experts using Mann–Whitney U test. We then deter-
mined to identify which kinematic measures could be used 
to discriminate between the expert and novice, indepen-
dently. Because the assumptions for discriminant analysis 
were violated, we used ordinal regression to assess this. The 
categorization of novice (first week or fourth week) and 
expert was entered as dependent variables, and the kine-
matic variables as the covariates. A logit function was used 
for the final model. The internal consistency of the training 
among novices was assessed using the Intra-Class Correla-
tion Coefficient.

Data are presented as mean ± SD, median (interquartile 
range), or proportion of group, as appropriate. Statistical sig-
nificance was determined using two-tailed testing at the P 
value of 0.05 level or less. Data analysis was performed using 
PASW Statistics 18.0 (International Business Machines Cor-
poration, Armonk, NY).

Results
A total of 34 subjects participated in the study. Twenty-six 
subjects completed the study (13 Post-Graduate Year 3 and 
13 Post-Graduate Year 4). Eight subjects were excluded from 
the study due to missed training sessions, leaving 18 echo-
naive subjects for kinematic analysis. In addition to these 18 
subjects, eight trainees who also completed the course were 
enrolled in the study for assessment of clinical performance. 
Five expert examiners participated as the comparison group.

Over the course of the 4 weeks, the novices had a shorter 
delay before starting image acquisition (lead time), took less 
time to complete each image (total time), had fewer high-
velocity movements (peak movements), traveled a more 
direct path to an image (path length), and had a smaller area-
under-the-curve (time–distance multiple); (P < 0.01 for all; 
fig. 6). We also compared kinematic values between train-
ees and experts; specifically comparing the trainees’ starting 
(week 1) and final (week 4) measures with the values of the 
experts. All five measures of image acquisition were signifi-
cantly greater among trainees at the end of their first week 
compared with the measures of the experts (P < 0.01 for 
all) but had approached the values of the experts by the end 
of the 4-week program (P > 0.05 for all) (table 1). Ordinal 
logistic regression was performed to identify which kine-
matic measures best discriminate between the expert and 
the novice. We found that only peak movements and path 
length were statistically significant (table 2).
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Clinical Performance
When examining the intraoperative examinations, all the 
novices were able to obtain the requested views without 
assistance; however, the images were rated as moderate qual-
ity (median 3 of 6; interquartile range, 3 to 4). Compared 
with the expert examinations, the novices required more 
time to complete the examination (199 s [193 to 208] vs. 

87 s [83 to 16]; P = 0.002) and performed more transitions 
throughout the examination (43 [36 to 53] vs. 21 [20 to 23]; 
P = 0.004). We found significant consistency among novices 
in the number of transitions required to obtain a view (Intra-
Class Correlation Coefficient, 0.77 [95% CI, 0.29 to 0.97]; 
P = 0.005), but not in the time required for image acquisi-
tion (Intra-Class Correlation Coefficient, 0.17; P = 0.55).

Fig. 6. Comparison of kinematic measures between experts and trainees. The kinematic measures (A, total time; B, lead time; 
C, path length; D, peak movements; and E, time–distance multiple) represent values calculated from data exported from the 
simulator during an evaluation (see Kinematic Analysis under Materials and Methods for description). Data are a composite of all 
13 images acquired during the simulated examination. The measurement periods are the week of evaluation, performed at the 
end of the second hands-on session. Comparison among subjects was performed by Friedman test. All five measures showed 
a statistically significant reduction over the course of 4 weeks (P < 0.01 for all). The expert cohort is included for reference and 
is not statistically compared here.
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Discussion
The results of our study demonstrate that an integrated 
simulation-based educational curriculum for TEE training 
resulted in a significant improvement in manual skills of 
echo-naive trainees. Using the data exported from the simula-
tor, we developed several kinematic measures, suggesting that 
it may be possible to objectify acquisition of manual skills on 
the TEE simulator. We found that these kinematic measures 
improved over the course of the 4 weeks of training, and that 
the novices on the final week were performing the TEE exam-
ination similar to that by the experts. Finally, we found that 
two of these measures were most important in distinguishing 
between the expert and novice: the number of rapid move-
ments or transitions and the total length travelled by the TEE 
probe. This suggests that two of the traits that differentiate 
experts from novice learners are the abilities to smoothly and 
efficiently manipulate the TEE probe to acquire an image.

The value of this simulator-based training demonstrated 
that the eight novices who had no previous experience were 
able to perform an actual perioperative TEE examination. 
Although the images were of moderate quality compared with 
that of an expert, the novices acquired all the images in less 
than 3.5 min. Furthermore, we demonstrated that the simu-
lator-acquired training resulted in the novices performing the 
TEE examination in a consistent pattern, as judged by the 
number of transitions made to acquire each image. We found 
little consistency in the time required to acquire each image; 
it would appear that speed is a trait gained by more practice. 
Our impression is that this training shortens the clinical learn-
ing curve, but further studies are needed to demonstrate trans-
ferability of skills from the simulator to live patients.

The inclusion of a virtual reality TEE simulator can 
potentially improve upon the existing paradigm for teach-
ing basic echocardiography. With its focus on the trainee 
rather than the patient, and no consequences of failure, sim-
ulator-based training can reduce the early learning curve for 
trainees. Faster acquisition of basic proficiency would allow 
more opportunities to teach advanced information within 
an identical timeframe. Furthermore, kinematic analy-
sis of motion during simulated examinations might also 
help with assessing manual proficiency, which is currently 
a complex task.6,7,9,25,27,30–36 We believe that the kinematic 
measures that we developed may be examples of novel infor-
mation that can be acquired with simulator-based training. 
Although our study is exploratory, we hope that it is a step 
toward improving training future programs. Similarly, this 
analysis might be useful in identifying trainees who require 
more instruction and improving trainers.30

Traditionally, success in task completion during manual 
skills acquisition training has been evaluated by measuring 
time or the number of errors.14,34 These end point–based 
parameters may be inadequate to differentiate the subtle 
differences in quality of motion between experts and nov-
ices.30,33,37–39 Two individuals can be indistinguishable in 
time to task completion and number of errors with com-
pletely different kinematics.38 Motion analysis might also 
assess automaticity (i.e., task performance without signifi-
cant concentration), which is a strong predictor of transfer-
ability of simulator skills to actual tasks.14,37–41 For example, 
the improvements in lead time and peak movements in 
our study imply that with repetition, probe manipulation 
by trainees becomes smoother and more intuitive. The 

Table 1. Comparisons of Kinematic Measures for Trainees at Week 1, Trainees at Week 4, and Experts

Measure
Expert,  
n = 5

Week 1  
Trainees,  

n = 18

P Value,  
Week 1 Trainees 

vs. Expert

Week 4  
Trainees,  

n = 18

P Value,  
Week 4 Trainees 

vs. Expert

P Value, Week 1 
Trainees vs. Week 

4 Trainees

Total time (s) 10.1 (6.5–16.3) 19.1 (12.3–31.8) <0.001 12.4 (8.1–18.5) 0.12 <0.001
Lead time (s) 0.47 (0.26–0.85) 0.79 (0.35–1.71) 0.001 0.57 (0.30–0.97) 0.19 <0.001
Path length (mm) 349 (179–516) 637 (312–1,210) <0.001 342 (161–581) 0.94 <0.001
Peak movements (count) 8 (2–12) 17 (9–29) <0.001 9 (4–15) 0.06 <0.001
Time–distance multiple  

(mm× s)
23.7 (13.1–34.2) 39.6 (20.5–76.8) <0.001 25.5 (11.5–42.2) 0.54 <0.001

Data represent the median (interquartile range) of each kinematic measure. Values are calculated from the combined data of all images. Comparison was 
performed using Mann–Whitney U test. The kinematic measures (total time, lead time, path length, peak movements, and time–distance multiple) represent 
values calculated from data exported from the simulator during an evaluation (see Kinematic Analysis under Materials and Methods for description).

Table 2. Results of Ordinal Regression of Kinematic Measures

Kinematic Assessment P Value Odds Ratio Unit of Measure

Peak movement <0.001 0.97 (0.95–0.99) Per count
Path length 0.005 0.90 (0.71–0.85) Per 10 cm
Lead time 0.12 0.95 (0.89–1.01) Per second
Total time 0.25 1.13 (0.95–1.35) Per 10 s
Time–distance multiple 0.43 0.96 (0.88–1.06) Per 10 cm × second

The level of training was used as the dependent factors, and the kinematic measures (described in Kinematic Analysis under Materials and Methods) as the 
covariates. Results indicate that only peak movement and path length showed independent discriminatory value.
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differences identified between novices and experts in peak 
movements and path length suggest that experts have more 
economy of movement than trained novices. However, 
because of the small size of our study, we could not make 
definitive conclusions on this finding. We would postulate 
that the simulator might be used both objectively moni-
tor progression of manual dexterity skills and possibly as a 
testing method.1 Furthermore, when working with experts, 
simulation has the potential to improve skills by presenting 
very rare pathologies fore examination; we plan to explore 
the impact of simulation on experts now that simulators can 
also provide training in pathology states.

One criticism is that the results may not be reproduc-
ible to other trainees—the volunteers (i.e., residents) in our 
study might be a self-selected enthusiastic cohort. In our 
study, the trainees were expected to complete the online 
modules on their own time. Furthermore, we faced a logistic 
challenge for the biweekly hands-on sessions, as evidenced 
by the loss of eight subjects from the analysis. Voluntary 
participation has been identified as a major factor in success 
in similar surgical programs.42–45 Learned complex motor 
skills required several stages of development, such as cog-
nition, association, and finally autonomous motor behav-
ior.24,46 Once behavior becomes automatic, the likelihood 
of transferability is greater, as long as the simulator is of 
high quality.14,37–41 Future investigations must be aimed at 
determining whether simulator-based training facilitates 
development of clinical skills.

Our study was based on acquisition of images of “normal” 
cardiac anatomy. Whether this training transfers to iden-
tification of pathology is not known. Clinical echocardio-
graphic imaging involves significant changes in ultrasound 
machine settings for image optimization, which cannot be 
simulated due to technological limitations.

During grading of the intraoperative examinations, bias 
in the grading was minimized by having the grader score 
the images offline in a blinded manner. However, based 
on elements of probe manipulation that we were unable to 
quantify, the grader might have been able to unconsciously 
differentiate the expert from the novice. Therefore, there may 
have been bias in her scoring for which we could not control.

A final limitation of our study has to do with the power of 
the study, which may be inadequate to evaluate some desired 
points. For example, we could not determine whether some 
individual cut planes were more challenging for novices to 
learn than others. Furthermore, because of our small sample 
size, we are at risk for β error. Thus, although we did not iden-
tify differences between experts and trainees at 4 weeks in some 
measures, it is still possible that these groups are not equiva-
lent. Our ability to enroll trainees was limited by our access to 
echo-naive trainees in our training program. To enroll more 
subjects, we would need to conduct multicenter enrollment. 
More work is required to corroborate these findings.

In conclusion, it is feasible to approach TEE training 
with a curriculum-based program and hands-on training 

with a TEE simulator. Kinematic analysis using time and 
our empirically derived metrics may be used to track the 
progress of motor skill acquisition with repetitive experi-
ence over a specified time. This information might be used 
to improve the quality of instruction by identifying the areas 
of deficiency in manual training. Echo-naive trainees who 
went through this training were able to perform an unas-
sisted intraoperative TEE examination.
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Appendix. Description of the Training Program

Course Setup

• One month (4 weeks) long
• Two parts: Web site modules and hands-on sessions
• Web site modules and hands-on sessions covered the same topics as each other each week
• Students were expected to complete the Web site modules before their respective hands-on sessions

Web Site Modules (30 min each) Hands-on Sessions (90 min each)

• Two test modules (pretest and posttest), each consisting  
of 55 knowledge questions (same for both pretest and  
posttest)

• Nine topic-specific modules (see Course Flow below for list 
of topics), each consisting of:

 ◦ Learning objectives
 ◦ Five-question pretest
 ◦ Video lecture (average of 16 min in length)
 ◦ Practice exercises
 ◦ Five-question posttest
• One practice/materials module, consisting of:
 ◦ Basic TEE exam guide
 ◦ Handouts

• Two sessions per week (one on Tuesday and one on  
Thursday) held in the TEE Simulation Center under the  
guidance of faculty certified by the National Board of  
Echocardiography

• Used two Vimedix TEE simulators (CAE Healthcare, Montreal, 
Canada) capable of capturing motion data of TEE probe in  
real time

• Thirteen target cut planes stored in simulators
• Activities during the hands-on sessions:
 ◦  Focused review/cases/questions-and-answers led by  

facilitators (20 min)
 ◦  Hands-on practice on the simulators with facilitators, or 

skills tests on simulators (70 min)

Course Flow

Week 1 Week 2 Week 3 Week 4

Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2

Web site 
module(s)

Basic intraop-
erative echo 
examination

TEE pretest 
(completed 
after hands- 
on session)

Probe  
position and 
orientation

Wall motion 
assess-
ment

LV systolic 
function

RV and  
tricuspid  
valve

Aortic valve Mitral valve Hemodynamics Complete 
basic  
exam

TEE posttest 
(completed 
after hands- 
on session)

Hands- 
on session

• Introduction  
to simulator 
and  
warm-up

• Introduction 
to standard 
views (mid- 
esophageal 
views) with 
instructors

• Hands-on 
practice

• Warm-up  
and review

• Introduction 
to stand-
ard views 
(transgastric 
and upper 
esophageal 
views) with 
instructors

• Skills test 
no. 1

• Warm-up 
and review

• Focus on 
LV function 
views with 
review of 
all views 
with 
instructors

• Hands-on 
practice

• Warm-up  
and review

• Focus on  
RV and  
tricuspid  
valve  
function  
views with  
review of all  
views with  
instructors

• Skills test  
no. 2

• Warm-up 
and review

• Focus on 
aortic  
valve  
views with 
review of  
all views 
with 
instructors

• Hands-on 
practice

• Warm-up 
and review

• Focus 
on mitral 
valve 
views with 
review of 
all views 
with 
instructors

• Skills test 
no. 3

• Warm-up and 
review

• Focus on  
relevant  
views for 
hemodynamics 
with review of 
all views with 
instructors

• Hands-on 
practice

• Warm-up 
and review

• Case- 
based 
review

• Skills test 
no. 4

LV = left ventricle; PTEeXAM = exam of Special Competence in Perioperative Transesophageal Echocardiography; RV = right ventricle; TEE = transesopha-
geal echocardiography.
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