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Abstract

Background: Inter-societal Accreditation Commission (IAC) mandates using specific/appropriate image acquisition for trans-

esophageal echocardiography (TEE). We hypothesized that an automated TEE imaging protocol improves study efficiency and

workflow compared with a manual protocol. Methods: Three TEE disease-based protocols were included. Image acquisition was

done twice for each TEE, once each using a manual and automated method in random order. TEE exam duration and number of

sonographer keystrokes for each method were recorded. Keystrokes were grouped into specific categories. Multivariate analysis

of variance was performed for each variable. The same automated TEE software was used for all automated protocol TEE

exams. Results: The study included 22 patients, 14 males, ages 31-83 years, average BMI of 28.8 kg/m2 (S.D.+/-6.3). Auto-

mated protocols compared with manual protocols significantly reduced TEE exam duration (novice, 10:59±2 vs 12:23±2 min;

expert, 8:35±1 vs 9:54±2 min, p<0.05). The protocol performed second was shorter regardless of protocol method; however,

the percentage decrease in duration was significantly greater when the automated protocol was performed second (27% vs 6%,

p <0.05). The automated protocol required fewer sonographer keystrokes than the manual protocol (novice, 206±34 automated

vs 287±48 manual; expert, 185±30 automated vs 254±43 manual, p<0.05). The total number of images acquired was similar

between automated and manual protocols, without a significant difference in image quality. Conclusion: Automated protocols

improve TEE efficiency by reducing the study duration and sonographer keystrokes regardless of TEE operator experience and

without a difference in the total number of TEE images acquired or TEE image quality.
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Abstract:

Background :

Inter-societal Accreditation Commission (IAC) mandates using specific/appropriate image acquisition for
transesophageal echocardiography (TEE). We hypothesized that an automated TEE imaging protocol im-
proves study efficiency and workflow compared with a manual protocol.

Methods:

Three TEE disease-based protocols were included. Image acquisition was done twice for each TEE, once each
using a manual and automated method in random order. TEE exam duration and number of sonographer
keystrokes for each method were recorded. Keystrokes were grouped into specific categories. Multivariate
analysis of variance was performed for each variable. The same automated TEE software was used for all
automated protocol TEE exams.

Results:

The study included 22 patients, 14 males, ages 31-83 years, average BMI of 28.8 kg/m2 (S.D.+/-6.3). Auto-
mated protocols compared with manual protocols significantly reduced TEE exam duration (novice, 10:59±2
vs 12:23±2 min; expert, 8:35±1 vs 9:54±2 min, p<0.05). The protocol performed second was shorter regard-
less of protocol method; however, the percentage decrease in duration was significantly greater when the
automated protocol was performed second (27% vs 6%, p <0.05). The automated protocol required fewer
sonographer keystrokes than the manual protocol (novice, 206±34 automated vs 287±48 manual; expert,
185±30 automated vs 254±43 manual, p<0.05). The total number of images acquired was similar between
automated and manual protocols, without a significant difference in image quality.

Conclusion:

Automated protocols improve TEE efficiency by reducing the study duration and sonographer keystrokes
regardless of TEE operator experience and without a difference in the total number of TEE images acquired
or TEE image quality.

Introduction

Transesophageal echocardiography (TEE) is an important cardiovascular imaging modality that provides
information for both diagnoses of cardiac pathology and guidance for therapeutic interventions1. Complex
catheter-based therapies, use of 3D echocardiography, and other advanced echocardiographic techniques
have increased the indications and complexity of TEE exams 2. One of the main advantages of TEE is
enhanced visualization of intracardiac structures due to closer proximity of the ultrasound probe. Further,
3D-TEE provides additional value of acquiring a full volume image acquisition that can be reconstructed in
multiple planes. Operators require a specific skill set in performing TEE examinations and must know the
technical steps to safely and efficiently perform the procedure. The Inter-societal Accreditation Commission
(IAC) provides a guideline for what constitutes standard views in a complete TEE examination 3. However,
operator variability and TEE exam time/duration constraints may affect standard view acquisitions. Thus,
the use of protocol-driven exams may reduce such variability and improve exam acquisition efficiency. The
American Society of Echocardiography (ASE) and Society of Cardiovascular Anesthesiologists (SCA) have
emphasized the need for consistency in training, reporting, and quality of TEE exams1.

Ultrasound (US) imaging, including TTE and TEE, is an operator-dependent modality resulting in variati-
on based on the individual provider or sonographer’s experience, comfort, and skill with the relevant exam
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and image acquisition. This could be mitigated by providing workflow based training focused on the skillset
required to efficiently perform the procedure. A recent study found that even a single-day simulation-based
course in critical care TEE improved technical skills and knowledge base when combining case-based image
acquisition and image interpretation training 4. It could thus be hypothesized that the procedure-specific
workflow protocols describing the steps required for image acquisition might further facilitate TEE perfor-
mance and efficiency. Evaluation of the use of ultrasound protocols for standardized image acquisition in
non-cardiac US modalities has shown a reduction in exam times and repetitive motion injuries and increased
consistency in image acquisition 4. Further, both carotid Doppler and complete abdominal exams had shor-
ter scan duration with the use of scanner-based protocol driven US imaging5. Studies in non-US modalities
have also pointed to the benefits of the automated modality-specific protocol in achieving higher diagnostic
accuracy 6.

The use of automation and semi-automation in echocardiography has already been implemented in 3D echo-
cardiography, strain imaging, and other specific echocardiography acquisitions in an attempt to increase
efficiency and reproducibility 6, 7. By implementing automated and standardized protocols for TEE image
acquisition, efficiency and reproducibility of TEE may improve as has been demonstrated in other US moda-
lities. Thus far, no studies have examined the use of automation driven protocols in TEE imaging acquisition.

In this study, we evaluated an automated workflow protocol system for TEE compared with a manual
acquisition protocol. We hypothesized that an automated TEE imaging protocol improves study efficiency
and workflow compared with a manual protocol.

Methods:

Study population and data collection

We enrolled all patients at a large academic echocardiography laboratory referred for TEE between the
dates of 10/16/2017 and 11/22/2017 in which one of the three following TEE protocols was chosen by the
physician/operator: aortic stenosis (AS), atrial fibrillation (AF), or mitral regurgitation (MR). The protocol
was chosen by the primary operator (physician) based on the clinical indication for the TEE. While all
patients did not have an AS, AF, or MR indication for the exam, the primary operator chose the TEE
protocol that would best answer the clinical indication for the exam. All TEE exams were performed on the
same echocardiogram (Siemens ACUSON SC2000, Mountain View, CA) using customized procedure-specific
study protocol (Siemens eSie ScanTM workflow protocol software, Mountain View, CA). TEE procedural
data, including exam duration, and sonographer/machine keystrokes were prospectively collected at the
time of the TEE exam. Patient demographics and baseline data were obtained on subsequent retrospective
chart review.

TEE image acquisition was performed for each TEE exam/patient using both a manual and an automated
protocol image acquisition by the same sonographer and operator (physician). The physician operator was
responsible for TEE probe insertion and manipulation (moving the TEE probe proximally and distally within
the esophagus; ante-flexion, retro-flexion, sideways movement of the TEE probe; clockwise or counterclock-
wise rotation of the TEE probe). The sonographer was responsible for the operation of the echocardiogram
cart/machine, including the use of all adjustments on the machine console and image acquisition. A third
researcher was responsible for videotaping of the echocardiogram machine counsel during each exam for
subsequent analysis of sonographer keystrokes and procedure duration.

Performing each protocol (manual and automated) for each patient allowed for control of patient-specific
factors that may influence exam duration or complexity. The order for which type of protocol was performed
in each patient (manual first or automated first) was alternated between patient exams ensuring that the
same number of patients had the manual protocol performed first and the automated protocol performed

3
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first. The same sonographer was used for every acquisition with each operator. Operators were categorized as
a novice (<3 years of TEE experience) or expert (>3 years TEE experience). At no point did any TEE exam
need to be stopped or truncated due to patient or clinical factors. If additional, more complex, and non-
standard views/images outside of the pre-specified protocol views were required, these views were obtained
after the protocol was complete and were not included in analysis. No adverse events occurred during any
of the TEE exams performed.

Statistical power analysis was performed to determine the sample size; 20 patients per cohort were required
to detect a difference of2± 3 minutes in mean exam durations between the two cohorts with 95% confidence
interval and 80% power.

Description of automated and manual protocols

The automated protocols are predetermined TEE protocols created for specific clinical indications to produce
an automated protocol driven TEE exam. Each protocol is created to evaluate a specific pathology in question
and to provide standardized TEE views for all exams (Supplemental Table 1). Once developed, the automated
protocol automatically adjusts and changes the echo machine image acquisition settings, angles, and views to
specifically target the next desired TEE view and image acquisition, including adjusting settings for 2D, 3D,
pulse wave, continuous wave, and color Doppler image acquisitions. The automated protocol will adjust the
settings on the echo machine console to the next desired view (i.e. left atrial appendage biplane 30/120 degree
or mitral valve pulse wave Doppler 2D 0 degrees). Once the automated protocol changes to the next defined
image acquisition, the operator manually moves the TEE probe within the esophagus to the appropriate
orientation and depth within the esophagus for the specific image (i.e. mid-esophageal, trans-gastric, etc.).
Angle, color Doppler, continuous/pulse wave Doppler, and 3D are all automatically changed by the automated
protocol. The sonographer may then adjust desired echo machine settings to optimize image acquisition for
that specific view based on patient anatomy, operator movement, or other exam specific variables. Examples
of sonographer adjustments would be gain, doppler scale, aliasing velocity, etc.). This results in an overall
semi-automated process using both automated settings while allowing for manual input/adjustment based
on patient and image characteristics. By having pre-defined views, the automated protocol will advance to
the next desired image view immediately after image acquisition and ensures all required views/images are
attempted/obtained. A screenshot of the echo machine console during the automated protocol is shown in
Figure 1.

The three automated protocols created within our academic echocardiography lab for the evaluation of AF,
MR, and AS were used and included image acquisitions specific for each pathology

The manual TEE image acquisition proceeded according to the operator’s and sonographer’s discretion
with the stated goal of a complete TEE exam and acquisition of necessary images for each pathology. In
the manual protocol, the sonographer aids in all adjustment of ultrasound angles, Doppler functions, zoom
images, activation/optimization of 3D image acquisition, and any other adjustments necessary for image
acquisition.

Any additional images that were later determined to be clinically indicated and not acquired within the
manual or automated protocols were subsequently obtained at the completion of each protocol and not
included in analysis.

TEE image quality on both manual and automated protocols were assessed by an independent echocardio-
grapher after the acquisition. The rating echocardiographer was blinded from which protocol was used to
obtain each sequence of images. Each image was graded on an ordinal scale consisting of three levels for
image quality: 0 - poor, 1 - fair, and 2 - good. Assuming an equal interval between the three levels, the scores
were averaged per the protocol and a paired sample t-test analysis was conducted to determine whether the
image quality differed between the manual and the automated protocols.

Definition of Variables

TEE protocol duration was defined by the timestamp of the first and last image acquisition for each protocol

4
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(manual versus automated). The echo machine console keyboard was videotaped during each TEE exam for
the duration of each protocol performed. The number of keystrokes performed by the sonographer during
each protocol (manual or automated protocols) was counted by a review of video from each TEE. The number
of keystrokes obtained was further subdivided into seven categories: image acquisition, angle correction, gain
control, 2D control, 4D control, XYZ control, or miscellaneous. Miscellaneous keystrokes amount to the
number of non-specific keystrokes performed by the sonographer during imaging in contrast to pre-specified
task-specific keystrokes: image acquisition (when the sonographer presses a specific knob to capture an
image), angle correction (when the sonographer presses or rotates a specific knob to view the image from a
desired angle), and the various techniques of gain optimization. The number of keystrokes for gain control
refers to an instance when the sonographer adjusts the time gain compensation (TGC) keys on the console
until a desired overall gain is achieved. Likewise, the 2D control stands for 2D imaging gain adjustment
whereas the 4D control adjusts the gain for the volume and the multiplane reference planes. The XYZ
control is the combined number of keystrokes performed for adjusting and navigating the imaging volumes
around the individual X, Y, and Z axes.

Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD). Categorical variables were presented
as numbers and percentages. Comparison between normally distributed continuous variables was done using
paired sample Student’s t-test for paired samples and independent sample t-test for independent samples;
statistical significance was achieved at a p-value, p < 0.05. Statistical analysis was done using SPSS 24
software (IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: IBM Corp). To determine the
influence of protocol complexity on the workflow efficiency, a sub-group analysis was performed to compare
the study duration and the total keystrokes between the “more complex” MR protocol and the combined
AF and AS protocol of “lesser complexity”.

Results

Twenty-two patients were prospectively included in this study with three novice operators and two expert
operators performing TEE exams. Patient demographics are shown in Table 1. A total of 44 TEE image
acquisition protocols were acquired (22 manual and 22 automated). The average TEE image quality score
for manual and automated protocols was similar and not statistically different. (1.9 vs. 1.9 for manual and
automated protocols, p>0.05). Distribution of automated protocols used can be seen in Table 1 .

The average duration of the automated protocol (10:06 ± 2 min) was faster when compared with the manual
protocol (11:29 ± 2 min, p<0.05). This difference in study duration between automated and manual protocols
persisted when compared between novice and expert operators (Figure 2-A) . The TEE protocol performed
second after randomization (i.e. the second protocol performed in each patient) was shorter regardless of
protocol method (manual or automated), however, the percentage decrease in duration of the second exam
in each patient was significantly greater when the automated protocol was performed second compared to
the manual protocol performed second (27% vs. 6%)(Figure 2-B) .

The automated protocol required fewer sonographer keystrokes than the manual protocol, regardless of
operator experience level (novice 28%, expert 27% reduction); Figure 2-C ) or the protocol order (manual
first 28%, automated first 33% reduction; Figure 2-D ). Automated protocols required a significantly
fewer number of angle corrections, gain adjustments, 2D optimizations, imaging plane navigations, and
miscellaneous keystrokes (Figure 3) . A total number of images acquired was similar between automated
(43 ± 4) and manual (44 ± 4 images) protocols (p>0.05). The greatest difference in specific keystrokes was
found in 2D optimization (manual = 27 ± 5 vs automated 7 ± 4, p<0.05) and XYZ navigation (manual =
36 ± 10 vs automated 8 ± 4, p<0.05; Figure 3 ).

When using the more complex mitral valve protocol, the automated protocol was on average 1:01 ± 3 minutes
faster than the manual protocol (p>0.05). When using the AS or AF protocol, the automated protocol was
on average 1.43 ± 2 minutes faster (p<0.05). There was no significant difference in percent decrease in study
duration or study keystrokes when comparing the more “complex” MR protocol versus the “simpler” AS

5
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and AF protocols (Figure 4-A, B).

Discussion

In this study, we showed that using an automated TEE protocol resulted in a shorter TEE exam duration
and a reduced number of sonographer keystrokes when compared with manual TEE protocols. This reduced
exam duration (by an overall average of 1:23 min, or 12%) and total keystrokes (overall average reduction of
77 sonographer keystrokes, or 28%) persisted when comparing novice and expert TEE operators. Notably, the
total number of image acquisitions was not significantly different between the exams that used the automated
and manual protocols, suggesting that a similar number of images can be acquired in a more timely and
efficient manner when using an automated protocol. When image quality was objectively evaluated by an
independent echocardiographer, there was no significant difference in image quality between the images
acquired during the manual protocol versus the automated protocol. Overall, these findings suggest that an
automated protocol can improve TEE exam efficiency without a reduction in image acquisition quality.

We found that the second complete TEE exam performed on each patient was on average shorter than
the first complete exam, regardless of which protocol (automated or manual) was performed first. This
finding is most likely due to the operator’s and sonographer’s familiarity with the views, images, and cardiac
pathology of that specific patient when performing the second TEE image acquisition. However, we did
find that the percentage reduction in the duration of the second exam was significantly greater when the
automated protocol was performed second. This further suggests that automated protocols improve TEE
exam efficiency and duration.

To our knowledge, this is the first study to investigate automated protocol use in transesophageal echocar-
diography, an invasive imaging modality requiring both procedural technique and image acquisition.

Previous investigations found that scanner-based protocols reduced the variation in the number and sequence
of images obtained for different ultrasound examination types; implementing automated protocols has been
proved to improve the consistency, efficacy, and reduce the time spent on image acquisition for carotid
Doppler and abdominal ultrasound examinations with Doppler imaging 5. Such consistencies in automated
protocols not only allow for completeness of the imaging studies but also provide a common baseline in the
delivery of patient care.

While outside the scope of this study, automated protocol-aided reduction in examination duration per TEE
case would allow an echocardiography laboratory to accommodate a higher volume of cases. Further, as we
have shown that automated TEE protocols are more efficient then manual TEE protocols, efficiency and
exam duration should not be barriers to exporting automated TEE protocols to other echocardiography labs
within a health system. By doing this, consistency and quality of TEE exams across a healthcare delivery
system may be improved. By reducing reliance on manual protocols for echocardiography, a more efficient,
less time consuming, and more reproducible complete TEE exams can be performed. This may lead to
lowering the need for additional image acquisition or even repeating a TEE examination. When applied
broadly to an echocardiography laboratory, and given time for both operator (physician) and sonographer to
become proficient in a specific automated protocol software, automated protocols can reduce the time needed
for TEE exams, reproducibility of acquisitions and allow for accommodating a higher volume of patients.

Although TEE is considered an advanced imaging technique and acquired by an experienced echocardiogra-
pher, applying an automated protocol can ensure a complete review of the anatomy in a consistent manner
and image delivery to the reader. Additionally, providers referring patients to an echocardiography lab or
health system can expect all TEE examinations to contain complete and consistent imaging and informa-
tion, thereby reducing operator variability. One area that is outside the scope of this study is evaluating
the performance of automated vs manual TEE protocols in the use of training new TEE operators. It is
important to note that even our “novice” observers were advanced echocardiography fellows who had com-
pleted general TEE training and had experience and comfort with TEE acquisitions in the presence of an
experienced echocardiographer. We found that by using the automated protocol the time needed to comple-
te the study was reduced even in novice operators. Applying this method to training TEE operators may

6
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improve efficiency and exam completeness/quality. Further, by defining the views needed for each protocol,
novice operators can learn in a more systematic approach the adjustments of the TEE probe to achieve the
subsequent image and reduce training variability. Automated protocol acquisitions may ensure a baseline
level of quality, consistency, and decreasing variability between operators within the same echocardiography
laboratory, and ideally, in between different echocardiography laboratories.

The strengths of this study include the prospective evaluation of the duration and keystrokes using both
manual and automated TEE protocols. Additionally, each protocol type (manual and automated) was per-
formed on each patient, it is reasonable to assume that exam duration will vary per patient based on factors
outside of the control of the operator and sonographer. By performing image acquisition sequences of manual
and automated protocols on each patient, we are able to control for differences between patients, patient
cardiac anatomy, and patient TEE imaging windows. Finally, the same sonographer and echocardiography
machine were used for each exam to eliminate variability in sonographer skill/technique and machine system
characteristics.

Limitations of this study include a relatively small sample size of patients in one academic echocardiography
laboratory. However, we were able to show significant differences in time and keystroke efficiency between
automated and manual TEE exams. While we chose to control for patient-specific factors (by performing a
manual and automated acquisition on each patient), we found that the exam performed second was always
faster. This is likely due to the operator and sonographer knowing the patient’s cardiac anatomy and imaging
windows as it relates to TEE image obtainment and acquisition. However, we did show a greater reduction
in TEE duration when the automated protocol was performed second. While we showed improvement in
individual TEE exam duration/efficiency, we did not assess the effect of automated protocols on the overall
echocardiography laboratory TEE throughput (for example, the number of TEE able to be performed on a
daily or weekly basis). Such an assessment is out of the scope of this study. Finally, all operators (physicians)
and sonographer were familiar with the software and workflow. One may assume that efficiency in automated
protocols would require a learning curve of image acquisition and workflow. Again, this assessment would be
outside the scope of this study.

Conclusions:

In a prospective study evaluating automated versus manual TEE protocols, automated protocols decreased
overall TEE exam duration and keystrokes needed for image acquisition without a significant decrease in
total images acquired or quality of image acquisition. When applied broadly in a trained echocardiography
laboratory, automated protocols improve exam efficiency without sacrificing image acquisitions.

Financial Disclosures

This study used a Siemens ACUSON SC2000 echocardiogram machine for all TEE aquisitions. The auto-
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Table and Figure Legends

Table 1. Clinical characteristics of study cohort.

Figure 1. Example of the automated transesophageal echocardiogram (TEE) program as seen on the Siemens
ACUSON SC2000 echocardiogram machine. The automated protocol (eSie ScanTM) automatically advances
the echocardiography machine to each of the views on the protocol list (right panel) while adjusting the
setting, angles, and other view specifics between each image acquisition. The operator adjusts the TEE
probe within the esophagus (proximal/distal motion in the esophagus, anteflexion/retroflexion of the TEE
probe, clockwise/counterclockwise motion) to bring the next/appropriate image acquisition into view. The
sonographer is able to make adjustments to each view based on a patient’s specific anatomy. A manual
protocol has no right sided panel and the echocardiogram machine does not adjust any settings between
image acquisition (requiring all settings to be changed by the sonographer).

Figure 2. Automated protocol has a shorter study duration and less total keystrokes compared to manual
protocol regardless of experience level (2a and 2c). There is a greater overall reduction in study duration
when the automated protocol is performed second (2b). Total keystrokes were less in the automated protocol
regardless of the order of protocol performed (2d).

Figure 3. Automated protocol reduced the number of keystrokes across all categories compared to manual
protocol without a significant difference in number of images acquired. Misc. = Miscellaneous

Supplemental Table 1. List of views included in each automated transesophageal echocardiogram (TEE)
protocol
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Table 1_11_29_19.docx available at https://authorea.com/users/312515/articles/443108-automated-
protocols-improve-workflow-in-transesophageal-echocardiography
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