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Click the ‘Text Edits’ button on the
Commenting tool bar. To highlight the text to be
replaced, click and drag the cursor over the text.
Then simply type in the replacement text. The
replacement text will appear in a commenting box.
You may also cut-and-paste text from another file
into this box. To replace formatted text (an
equation for example) please Attach a file (see
below).

Click the ‘Replace (Ins)’ icon Fa on the
Comment tool bar. To highlight the text to be
replaced, click and drag the cursor over the text.
Then simply type in the replacement text. The
replacement text will appear in a commenting box.
You may also cut-and-paste text from another file
into this box. To replace formatted text (an
equation for example) please Attach a file (see
below).

Remove text

) ) +, Text Edts ~
Click the ‘Text Edits’ button on the
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Click the ‘Strikethrough (Del)’ icon on the
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be deleted. Then press the delete button on your
keyboard. The text to be deleted will then be
struck through.
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Click on the ‘Attach a File’ button Jé on the
Commenting tool bar. Click on the figure, table or
formatted text to be replaced. A window will
automatically open allowing you to attach the file.
To make a comment, go to ‘General’ in the
‘Properties’” window, and then ‘Description’. A
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insertion of a file.

LL -
Click on the ‘Attach File’ icon "é on the
Comment tool bar. Click on the figure, table or
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file.
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the Commenting tool bar. Click to set the location
of the note on the document and simply start
typing. Do not use this feature to make text edits.

Click on the ‘Add Sticky Note’ icon on the
Comment tool bar. Click to set the location of the
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not use this feature to make text edits.
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button on the Commenting tool
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double click on any mark-up to open the
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Your changes will appear automatically in a list
below the Comment tool bar. Navigate by
clicking on a correction in the list. Alternatively,
double click on any mark-up to open the
commenting box.

Undo/delete
change

To undo any changes made, use the right click
button on your mouse (for PCs, Ctrl-Click for the
Mac). Alternatively click on ‘Edit’ in the main
Adobe menu and then ‘Undo’. You can also
delete edits using the right click (Ctrl-click on
the Mac) and selecting ‘Delete’.
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Semiautomated Detection and Quantification of Aortic
Plagues from Three-Dimensional Transesophageal
Echocardiography

Concetta Piazzes ; ndy Tsang, Miguel Sotaqui Q hak Kronzon, Roberto M. Lang, and
Enrico G. Caiani, Milan, Italy; Toronto, Ontario, Canada; New York, New York; Chicago, Illinois;
Q Lugano, Switzerland

Background: Aortic atherosclerosis is a risk factor for cerebrovascular events. Two-dimensional transesopha-
geal echocardiographic quantification of descending aortic plaques is time-consuming and underestimates
plaque burden. The aim of this study was to assess the feasibility and accuracy of a novel semiautomated pro-
gram to use three-dimensional (3D) transesophageal echocardiography to identify and quantify aortic plaque
severity as determined by plaque thickness, volume, and number. The relationship between maximum plaque
thickness and volume was also examined.

Methods: Descending aortic 3D transesophageal echocardiographic images from 58 patients were analyzed
for plaque thickness, volume, and number using semiautomated; custom software. The reference standard
was manual assessment by an expert reader using 3D multiplanar reconstructions. Agreement and « values
were calculated to determine the program’s accuracy against the reference standard. Correlation and bias
were examined using linear regression and Bland-Altman statistics. Pearson’s correlation was used to
examine the relationship between maximum plaque thickness and volume.

Results: Analysis was possible in all patients. Overall agreement for the absolute presence or absence of pla-
que per patient was 95%. Agreement regarding the number of plaques per patient and plaque severity was
high at 95% and 85%, respectively. Plaque volume was slightly underestimated by the program compared
with manual measurements. The correlation between plaque thickness and volume was 0.56.

Conclusions: The results of this study demonstrate that semiautomated plaque analysis of 3D transesopha-
geal echocardiographic descending aortic data sets is feasible and accurate in determining plaque severity
as measured by plaque thickness, volume, and number. This methodology allows the standardization of pla-
que quantification, which will improve its utility in clinical trials. A greater understanding of the importance of

plaque thickness versus volume is needed. (J Am Soc Echocardiogr 2014;l: -l .)

Keywords: Aortic plaque, Three-dimensional transesophageal echocardiography

Strokes are the fourth leading cause of death in the United States, and
transesophageal echocardiographic (TEE) imaging is routinely per-
formed in patients with stroke when an extracardiac source of embo-
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lism has not been identified."” Typically, at the end of a TEE
examination, the echocardiographer will examine the aorta for
complex atherosclerotic plaques, which when present significantly
increased stroke risk.’*”> To be considered complex, these plaques
must be =4 mm in thickness, be ulcerated, or contain mobile
thrombi. However, determination of plaque complexity from two-
dimensional (2D) TEE images may be inaccurate, because only one
cross-sectional plane can be visualized or measured at a time, ignoring

the complex three-dimensional (3D) shape of the plaque.
Three-dimensional TEE imaging of the aorta results in the acquisi-
tion of 3D aerticplaque data sets that can be used to accurately quan-
tify the plaque’s 3D dimensions and volume. However, this
quantification is a tedious and time-consuming process because it re-
quires manual analysis of multiple 2D images from the 3D data set.
We hypothesized that this process would benefit from automation
and accordingly developed semiautomated software that detects
and quantifies plaques from 3D descending aortic TEE images. The
aim of this study was to assess the feasibility and accuracy of the pro-
gram to (1) identify the presence or absence of plaque, (2) identify the
locations and number of plaques, (3) determine plaque severity, (4)
1
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determine plaque volume, and
(5) determine the relationship, if
any, between maximum plaque
thickness and plaque volume.

Abbreviations

CT = Computed tomography
MRI = Magnetic resonance
imaging

TEE = Transesophageal

echocardiographic METHODS

3D = Three-dimensional
Study Protocol

Clinically indicated TEE studies
were performed in 58 patients
(35 men; mean age, 60 = 16 years). Forty-one patients were studied
at the University of Chicago and 17 at the Lenox Hill Heart and
Vascular Institute. Three-dimensional TEE (X-7t; Philips Medical
Imaging, Best, The Netherlands) data sets of the descending aorta
were acquired, using single-beat, narrow-angle acquisition mode.
These images were acquired at 0°, with the TEE probe rotated toward
the descending aorta (Figure 1). First, the 2D short-axis image of the
aorta was optimized, allowing maximum contrast between blood-
tissue planes. Then, multiplane mode was used to ensure that the
short axis and long axis of the aorta were centered within the 3D py-
ramidal volume. Finally, narrow-angle, single-beat data sets, with the
acquisition pyramid minimized to include only the aorta, were ac-
quired. Gain and rendering settings were left up to the discretion of
the operators, as both sites have extensive experience acquiring 3D
data sets. No postprocessing was required after acquisition.

If no atherosclerotic plaque was present, a representative region of
the descending aorta was imaged. If atherosclerotic plaque was pre-
sent, overlapping 3D data sets were obtained from the level of the dia-
phragm to the aortic arch. The descending aorta was defined as the
portion that could first be imaged during withdrawal from the stom-
ach. The aortic arch was defined where the short-axis image of the
aorta could no longer be kept centered and circular during with-
drawal of the probe. These data sets were then exported in Digital
Imaging and Communications in Medicine format for semiauto-
mated analysis on a dedicated computer system. The institutional re-
view boards of both institutions approved the protocol. The software
was written in Chicago and Milan.

2D = Two-dimensional

Semiautomated Plaque Analysis

An algorithm that requires minimal user interaction for plaque seg-
mentation and quantification was developed (see the Appendix for
further details). No patent application has been made.

Three-Dimensional Data Set Orientation. The first step of the
analysis was to orient the 3D volume such that one axis corresponds
to the longitudinal dimension of the aorta. This was achieved by hav-
ing the user define a volume of interest by selecting two slices that

aamark the ends of the aorta (Figure 2A) within the 3D data set. The

user then selected a point in each of these slices that visually corre-
sponded to the center of the aortic lumen. A line passing between
these two points represented the long axis of the aorta. The 3D
data set was then rotated so that the short-axis aortic lumen was pre-
sented, which was perpendicular to the calculated long axis. This pre-
sented view was required for the segmentation process.

True Aortic Luminal 3D Mesh. After orientation of the 3D vol-
ume of interest, an automated algorithm was applied to detect the
surface of the aorta, generating a 3D mesh M (Figure 2C, in grayscale).
This was performed using the marching cubes algorithm.® This 3D

Journal of the American Society of Echocardiography
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mesh traces the true aortic luminal surface because it includes plaques
along the wall.

Ideal Aortic Lumen. Using the short-axis cut-planes, five points on
the aortic wall, excluding the plaques if present, were manually
selected. Assuming that the short-axis cross-section of the aortic
lumen has an ellipsoidal 2D shape, an elliptical curve passing through
the five manually chosen points was determined using least squares
minimization criteria (see the Appendix for details). This process
was repeated on seven equally spaced short-axis planes. For the
planes that were not manually marked, the luminal contours were ob-
tained by linear interpolation (Figures 2B and C). This luminal contour
represents the ideal aortic lumen because aortic plaques are excluded
from the surface.

Plaque Identification and Segmentation. Automated plaque
detection was achieved by comparing the true 3D mesh with the ideal
aortic lumen. The difference between these two lumens was pre-
sumed to be plaque. After segmentation, for each plaque, the local
thickness and total internal volume were computed.

Plaque Detection. For comparison of plaque detection in terms of
number and location, the 3D true luminal mesh with the detected
plaques highlighted using a three-level color map (green = mild,
yellow = moderate, red = severe) on the basis of their local
thickness (Figure 4B) was exported for visual comparison with the
manual reference standard. Plaque thickness was color coded as
mild if >1 and <2 mm, moderate if between 2 and 4 mm, and severe
if >4 mm.”

Plaque Severity Grading. For each plaque, the maximum thick-
ness determined the semiautomatic plaque severity grade using the
scale described for color-coded display of plaque thickness.

Plaque Volume Computation. For each plaque, its internal vol-
ume was computed using the method of disks.

Reference Standard Analysis

An experienced cardiologist, blinded to the results of the semiauto-
mated analysis program, used multiplanar analysis of the 3D data
sets (QLAB version 9.1; Philips Medical Systems, Andover, MA) to
determine the reference standard results.

Plaque Detection. To determine the number of plaques and their
locations, plaques were manually identified in a systematic cranial-to-
caudal direction using three orthogonal views. For each plaque, a
screen shot of the rendered 3D volume and the cross-sectional cut
planes that intersected the plaque was exported (Figures 4A,
4C—4E). A second independent observer then compared the semiau-
tomated program’s output with the rendered 3D volume screen shot
(Figure 5).

Plaque Severity Grading. For each identified plaque, the thickest
dimension was measured perpendicular to the base of the plaque.
Manual measurements of maximal plaque thickness were then
used to classify plaques as mild, moderate, or severe using the same
scale as used to classify plaque severity with the semiautomated
program.

Plaque Volume Computation. Fifteen data sets containing iso-
lated plaques were selected for comparison of the semiautomated
program—derived plaque volumes with manually measured volumes.
Custom software was used to manually trace the plaques from cross-
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Figure 1 Three-dimensional TEE acquisition of the aorta. When a plaque was visually detected on 2D imaging (A), 3D zoom mode
was activated to obtain a volumetric data set of the aorta centered on the same cross-section at a 0° transducer angle (B). This image
was tilted to reveal the intimal surface of the aorta (C) and then rotated along the z axis by 180° to place the image in the correct

anatomic orientation (D).

Slice 23

Figure 2 Semiautomated plaque analysis. To correctly align the 3D volume, the user selected one point in the first and last slices from
unoriented aortic cross-sections. These points were used to compute the line passing between them and realign the 3D data set on
the basis of the line’s orientation (A). Manually selected points on seven evenly spaced, correctly oriented aortic cross-sections were
used to determine an ideal aortic luminal contour (vellow dashed line, B). With linear interpolation of points in the cut planes between
initialized cross-sections, the ideal aortic luminal contour was completed (cyan). Automated thresholding of the video-intensity data
was used to create a 3D mesh (white) representing the true aortic lumen (C), which was then overlaid with the ideal luminal contour.

sectional slices. Plaque volume was calculated from these tracings us-
ing the method of disks (Figures 6A and 6B).

Statistical Analysis

Agreement and « values were calculated to determine the software’s
accuracy against the gold-standard analysis with respect to (1) the
presence or absence ogplaque per patient, (2) the number of plaques
per patient, and (3) plaque severity. Kappa analysis was performed
with linear weights. Linear regression was performed to examine
the correlation between the automated and manual measurements
of plaque volume. As well, Bland-Altman analysis was performed to
calculate potential bias with the automated volumes. Finally,

Pearson'’s correlation was performed to examine the relationship be-
tween maximum plaque thickness and plaque volume.

RESULTS

Analysis was possible in all patients. The maximum time for auto-
mated analysis of the 3D data sets was approximately 5 min, regard-
less of plaque severity. This time included data retrieval,
preprocessing, and initialization. The approximate time for manual
analysis of the data sets varied from 5 min in patients with simple pla-
ques to 30 min in patients with complex plaques. Figure 4 presents
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ore)  p(m,)

— X
p(m;) r(6,)

m;

Figure 3 Automated plaque segmentation. (A) The 3D mesh of the aortic inner surface was visualized in gray. Highlighted in yellow
were the nodes associated to the 2D nth cross-sectional cut plane corresponding to the computed elliptical luminal contour. (B) To
determine if nodes m; and m, on the mesh were plaques, their distances p(m4) and p(m,) from the ellipse center (xq, yo) were
computed and compared with the corresponding distances r(64) and r(d,) of the points on the ellipse contour. By comparing these
distances, node m; was not classified as a plaque, whereas node m, was classified as a plaque.

Figure 4 Data analysis. Screen shot of the rendered 3D volume (A) and visualizing the output of the segmentation (B). Multiplanar
analysis with three cut planes (C-E). The red cut plane (C) was oriented along the long axis of the aorta and the green cut plane
(D) along the short axis. The blue plane (E), perpendicular to both the red and green planes, allowed “en face” visualization of the
plagque for comparison to the automated analysis results (B).
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Figure 5 Example of program output. Example of a normal (A) and diseased (B) aorta as it appeared in the 3D TEE data set (left
column) and the automated analysis software (right column), respectively. Red arrows point to atherosclerotic plaques.

the 3D rendered volume data with the corresponding semiauto-
mated program output in a subject with no plaques and in a second
subject with three separate plaques that were identified by both the
reference standard and the software.

When we examined the semiautomated program’s ability to detect
the presence or absence of plaque in each patient, we found that
there was agreement with the reference standard on the presence
of plaque in 55 subjects and disagreement in three subjects. Thus,
agreement on the absolute presence or absence of plaque per patient
was 95%.

Next, we examined the semiautomated program’s ability to
correctly identify the locations and number of plaques in each subject.
Opverall, the program correctly identified and located 145 of 162 pla-
ques (see Table 1). Thus, on a per patient basis, agreement with
respect to the number of plaques was 95% (k = 0.89).

Subsequently, we examined the accuracy of the program in iden-
tifying plaque severity. Overall, in 116 of the 145 plaques identified by
the program, there was no difference in plaque severity as automati-
cally assessed compared with manual measurement. Of the remain-
ing 29 plaques that demonstrated changes in severity, 15 had
decreases in severity by one grade, and 14 had increases in severity
by one grade (Figure 7). No plaque differed by more than one grade

in severity. In terms of clinical relevance, four plaques changed from
being classified as moderate by the program to severe by the refer-
ence standard analysis, and five changed from being classified as se-
vere to being moderate. Overall, agreement between the reference
standard and the software with respect to plaque severity was 80%
(k =0.64). When we examined the maximum plaque severity per pa-
tient, the agreement between the reference standard and the software
increased to 85% (x = 0.78).

When we examined the accuracy of the program to quantify
plaque volume, we found a high correlation of 0.99 between
semiautomated and manual measurements of plaque volume.
When examining bias, we found that the automated program slightly
underestimated (bias, —2.1 = 1.9 mm>) compared with manual
measurements.

Finally, we examined the relationship between maximum plaque
thickness and plaque volume (Figure 6). The correlation between
these two measurements was moderate at 0.56. When these variables
were plotted, the graph demonstrated that some plaques would be
considered severe, with maximum thicknesses > 4 mm, yet have
very low volumes. In contrast, other plaques would be considered
moderate in severity, with maximum thicknesses of 2 to 4 mm, yet
have large volumes.
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Figure 8 Example of a plaque visualized by the automated program, with severity highlighted by a three-level color map (A), the
corresponding 3D rendered volumetric data (B), and on volume-rendered CT (C).

maximum plaque thickness was only moderately correlated with pla-
que volume.

Historically, aortic assessments for atheromatous plaques were per-
formed using contrast angiography. However, this methodology is
invasive, requires the use of contrast and radiation, and, compared
with TEE imaging, misdiagnoses plaques.” Thus, other methods
have evolved, including magnetic resonance imaging (MRD and
computed tomography (CT). However, MRl is expensive and cannot
be performed at the bedside or on patients with ferromagnetic im-
plants, while CT exposes patients to radiation and contrast injection.

TEE imaging is readily available and is routinely performed on pa-
tients to identify cardiac sources of embolic events, as well as during
cardiac surgery. As well, transesophageal echocardiography is the
main imaging modality used to guide percutaneous procedures, in
which complication rates are increased by periprocedural plaque
embolization.® Plaque visualization is similar to that seen on CT
(Figure 8), so plaques identified preprocedurally on CT can be fol-
lowed periprocedurally. Thus, TEE imaging is a suitable tool for assess-
ing aortic atherosclerosis. However, it must be noted that the tracheal
air column, near the origin of the innominate artery, masks a small
portion of the ascending aorta, and this “blind spot” likely results in
missing only approximately 2% of plaques.*”''°

Traditionally, when using 2D TEE imaging to determine plaque
burden, for each plaque, the imager must manually move the probe
to determine if the thickest portion of the plaque exceeds 4 mm,
note if mobile components or ulcerations are present, and mentally
infer the plaque’s length and width. This is not only tedious and
time-consuming but may result in an inaccurate assessment. This is
related to poor quantification due to plaque shape. As demonstrated

in this study, a long, thin, multilobar plaque may represent a larger
burden of disease than a single small plaque that protrudes into the
lumen. Three-dimensional TEE imaging allows the entire plaque
morphology to be visualized, thereby allowing the true complexity
of the plaque to be assessed. However, without dedicated software,
plaque identification and the quantification of plaque area and thick-
ness from 3D TEE data sets are tedious and time-consuming.

Three-dimensional multiplanar reconstruction was chosen as the
reference standard for this study. This allowed direct comparison of
the plaques identified by the automated program with the 3D data
set. The use of 2D imaging as a reference standard would be problem-
atic because one could never be confident that the single 2D planar
image matches the plaque identified by the automated program.
This is especially true when trying to confirm that the automatic pro-
gram recognized the entire 3D plaque shape. This is because the
single-plane views may not recognize an asymmetric plaque and
may misidentify a plaque as two separate plaques when in reality
there is only one plaque.

The novel semiautomated approach presented in this report allows
plaque information to be obtained in a rapid and accurate manner,
with minimal user interaction. As such, routine investigation could
include systematic 3D data acquisition of the aorta during TEE imag-
ing to improve the information on total aortic plaque burden in the
echocardiographic report. Ideally, in the future, developments in
this technology will allow 3D reconstruction of the entire thoracic
aorta from 3D TEE data sets, with the integration of parametric
display of plaque severity. This will allow standardization of analysis
across echocardiography laboratories and provide quantification for
reporting purposiag, which aids in follow-up and use in clinical trials.
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Finally, current evaluation of plaque severity is dependent on 2D
assessment of thickness or mobile components. However, although
increase plaque thickness is related to increased plaque volume, there
are plaques for which this relationship does not hold, and this explains
the weak correlation found between these two measurements in this
study. Theoretically, increased plaque volume should be a risk factor
for cardiovascular events. In fact, studies of carotid artery disease have
demonstrated that plaque volume is a stronger predictor of coronary
artery calcium than carotid intimal medial thickness.""

One of the most important features of this new program is its
ability to quantify plaque volume from 3D aortic data sets in a semi-
automated way. This is a measurement that cannot be accurately
obtained from 2D data sets. The ability to acquire this measurement
from 3D data sets may improve the clinical quantification of aortic
atherosclerosis. Further studies are needed to determine the predic-
tive value of plaque volume and whether patients with significant
plaque volume and minimal thickening require aggressive manage-
ment.

Study Limitations

A limitation of this study is that the analysis was limited to the prox-
imal descending aorta, and thus the program’s accuracy in the
ascending aorta and aortic arch was not demonstrated. However,
complex plaques are most commonly located in the proximal de-
scending aorta, so it is the region where such a semiautomated
approach would be of most benefit. As well, 3D imaging of the aorta
only allows visualization in the far field of one-half to three-quarters of
the aortic circumference in each acquisition. When combined with
the spiral relationship to the descending thoracic aorta, the series of
3D aortic data sets only represents the far field descending aortic
wall-posterior aortic wall in the distal thoracic aorta, the lateral aortic
wall in the midthorax, and the anterior surface of the proximal de-
scending aorta and arch. Thus, the entire descending aorta cannot
be visualized with 3D data sets.

Another limitation is that in its current form, the semiautomated
algorithm is focused on plaque segmentation and the computation
of thickness and volume only. Consequently, the scheme for plaque
severity does not take into account plaque ulceration or mobile com-
ponents. Thus, the current software algorithm may misinterpret an ul-
cerated plaque as a thin plaque.

Finally, the reference standard used in this study was 3D multipla-
nar reconstruction rather than a different imaging modality. CT and
MRI are possible options. However, aortic CT is limited by the
need for contrast injection and exposure to radiation. Similarly,
MRI has limitations in that it cannot be performed at the bedside or
in patients with ferromagnetic implants, particles, or pacemakers.
The ultimate method to determine the true accuracy of this program
would be to perform a study with intraoperative or necropsy mea-
surements as the reference standard.

Journal of the American Society of Echocardiography
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CONCLUSIONS

Semiautomated analysis for the detection and quantification of de-
scending aortic plaques from 3D TEE data sets is rapid, feasible,
and accurate in determining plaque severity as measured by plaque
thickness, volume, and number. This methodology allows the stan-
dardization of plaque quantification, which will improve its utility in
clinical trials. As well, this methodology introduces the ability to ac-
quire plaque volume measurements, which may play a role in the
assessment of disease severity.
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APPENDIX

The algorithm was implemented using the open-source Insight
Segmentation and Registration Toolkit and the Visualization Toolkit
(http://www.itk.org and http://www.vtk.org), consisting of class
libraries written in the C4++ programming language. In particular, the
former provides tools for segmenting and registering multidimensional
images, while the latter uses algorithms for modeling and visualization.

Ideal Aortic Lumen Computation
Starting from the canonical equation of the ellipse,

dx®+exy +fy> +gx+hy +1=0, (A1)

the ellipse center (c,, ¢,), major (@) and minor (b) axis lengths, and el-
lipse orientation (g) are identified using the least squares minimization
criterion. Then, each point on the ellipse contour can be described by
the following coordinates, through which the elliptical contour inter-
polating the five original points is generated:

X(t) = cx +acos¥+cos ¢ — b sin ¥+sin ¢, (A2)

y(t) =c, +acos ¥-sin ¢ + b sin ¥-cos ¢. (A3)

Segmentation

On each aortic 2D cross-sectional cut plane in the volume of interest,
the automated detection of the atheromas is performed by searching

Piazzese et al 9

in the corresponding cut plane of the mesh M the nodes (i.e., the
vertices of the triangular patches constituting the mesh) that are inside
the elliptical contour.

Given m;” (x{”, /"), the nodes of the mesh M in the nth cut plane, for
each node the distance with the elliptical contour center (c,”, ¢,") is
computed as

p(m7) = \/ (g —x)+ (e —v) (A%)

together with its angular position ;" with respect to a reference zero-
degree orientation (see Figure 3).

On the basis of 4/, the distance r(6) between the corresponding
point on the ideal aortic lumen elliptical contour and its center is
computed as

() = 2L : (A5)

\/(b"-cos(ﬂ,"’))2 + (an-sin(6))?

where a” and b" are the major and minor axes lengths of the nth el-
lipse. Finally, the comparison between p(m!') and r(9) is performed:

o if p(m!')< r(97), the node my;is classified as potential plaque, and the differ-
ence (V) — p(m}') represents the local thickness;
o if p(m) = r(v7), the node m; is classified as nonplaque.

Once this process has been repeated for all cut planes, the number
of nodes for each resulting potential plaque is counted, and only pla-
ques composed by >300 nodes (set empirically to avoid multiple
small plaques due to possible noise in the mesh) are retained.
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