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Abstract

A method for three-dimensional shape analysis of left ventricle (LV) is presented in this article. The method uses three-dimensional
transesophageal echocardiography (TEE) as the source to derive the 3D wire-frame model and the related shape descriptors. The shap
descriptors developed in this article include regional surface changing (RSC), global surface curvature (GSC), surface distance (SD),
normalized surface distance (ND), and effective radius (ER) of the endocardial surface. Based on these shape descriptors, the shape of
LV could be sketched in both static and dynamic manner. The results show that the new approach provides a robust but easy method to
guantify regional and global LV shape from 2D and 3D echocardiograni®99 Elsevier Science Ltd. All rights reserved.
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1. Introduction method was developed for measuring ventricular shape
based on quantitative curvature analysis of ventricular
Manipulation of loading condition, heart rate, contracti- outlines. The study was designed to assess prospectively
lity and myocardial perfusion by the use of physiological the performance of the algorithm of quantitative curvature
and pharmacological measures always influence the leftanalysis and to compare it to traditional wall motion
ventricular volume and function [1-5]. This alteration of measurements. Their result showed that the shape analysis
ventricular volume also affects the cardiac shape to somedemonstrated a great concordance with the clinical diagno-
extent. Pathological conditions such as acute myocardial sis then did wall motion analysis. Besides, new information
infarction or prolonged ischemic myocardium are often could also be provided by the quantitative curvature analy-
followed by the ventricular remodeling. It influences not sis, which needs no human involvement to decide the
only the cardiac shape and performance but also patient'smotion score of myocardial segments.
prognosis. Deformation of left ventricular shape may also  For quantitative analysis, the bending energy model was
occur in the patient with left and right ventricular pressure proposed by Duncan et al. [15] to measure the cardiac shape
and volume overloading [6-9]. deformity. In this model, the left ventricle (LV) was simu-
Accordingly, the shape of heart is an important diagnostic lated by an oval, which had some landmarks on it. The
and therapeutic index for evaluating a variety of cardiac landmarks were also marked on the measured heart model
diseases. Researchers have studied the relationship of thavith one-to-one correspondence to the landmarks on the
cardiac shape and the severity of heart diseases for severabval model. The bending energy was derived from the
decades [10-18]. In the previous studies, the shape analysiglistances of the landmarks on the measured heart model
methods were mainly based on two-dimensional tomo- to that on the oval model. This evaluation could be used
graphic section of the heart using simple indices or sophis- to indicate the deformity of the shape of heart.
tical curvature analysis. In the study of Mancini et al. [14],a  The method of dynamic shape analysis proposed by Kass
et al. [16] was used to evaluate the disease of aortic regur-
mg author. Address: No 63, Kuo-Lien St.Long-Tarm, Tao- gitation and mitral regurgitation. The geometrical indices of
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Base A, DA, D of the RSC:
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whereg;1;bi ;4 is the tangent vector on the mesh point
Apex (i + 1,j),a;b;; is the tangent vector on the point f), and
Bijﬂ CiJH BiHJH Ci+u+1 oo

(a)

A is the area surrounded by the mesh consists of vectors of

g ;b;; anda;jd;;. The indices andj in Eq. (1) represent the
Fig. % The 3%"‘;”? fr:aTitmOde'l ?f.thbe ;’e”“'ct')?? () the 3D e’r‘]docafd;]a' range from mesh [1,1] to mesM(N) in which the endocar-
wire-frame model of the left ventricle; (b) four arbitrary wire meshes onthe 44 'qrface is taken into account. For example, if the range
wire-frame model and their relative coordinates of mesh point that are used . .
to derive the calculation of shape descriptors. from (0,0) to M,N) contains the area of t.hel apex, the apical
surface changing (ASC) is calculated. Similarly, if the range

assessment revealed that the eccentricity derived from thecontains the area of septum, the septal surface changing
patient with aortic regurgitation was higher than that of the (SSC) is evaluated.
normal during the ejection phase; however, the circularity =~ The RSC accumulates all instantaneous changing of the
obtained from the measurement of Fourier analysis was tangent from the mesh poirit ) to the next mesh point (-
lower. In the measurement of the patient with mitral regur- 1,]) inside the evaluated range. When the regional endocar-
gitation, the chamber of the LV was lengthened during the dial surface changing of the whole mesh points are derived
systolic phase because of the returning blood. Most of theseand displayed, the portion of the maximum change, that is,
studies were very tedious to perform, and could not be the steepest direction on the endocardial surface can be
represented real three-dimensional cardiac shape. Furtheréasily figured out [28]. Accordingly, RSC can be used to
the results from two-dimensional shape analysis have oftenindicate the direction of movement of a roller bearing if you
been over-extrapolated. put it on the base of LV.

Several studies have shown that three-dimensional echo
provide a better description of cardiac pathology and accu- 2.2. Global surface curvature

racy in quantification of ventricular volume and function The GSC h . £ th |
than two-dimensional images [5,19-27]. In this article, we € measures the summation of the normal vector

describe a new approach, the so-called, 3D volumetric on every mesh point of the 3D wire-frame model along a
curvature analysis (3DVCA) that yields the variety of specified surface line. The calculation of the GSC is given as

shape descriptors on regional and global left ventricular ©lOWINg:
shape from 3D echocardiographic images. M_ M
GSG = > Nij = a by xad, @
i=1 i=1
whereN_Lj’ is the normal vector on an arbitrary mesh point
(,p),i=12,...,M and j=1,2,...N represented the
meshes contains the whole endocardial surface of the

(RSC), global surface curvature (GSC), surface distancelY&;Pij anda;di;, as shown in Fig. 1, are two adjacent
(SD), normalized surface distance (ND), and effective tangent vectors of two arms extended from mesh paii}, (

radius (ER) of endocardial surface are developed and used®"d the symbol “x " means the cross product of these two
to describe the shape of LV. Before measurement, thevecto_r_s. The GSC,_ which means the global curvature of a
border of endocardial wall of LV is traced slice by slice. SPecified surface line, measures the symmetry of the left
The area enclosed by the borders is cut into sectors with theVentricular chamber to the center of cavity and the
same degree from the centroid to form a 3D wire-frame Index of the deformation of LV along a specified
model of LV. The 3D shape descriptors are then derived Surface line [28].

from this 3D wire-frame model (Fig. 1). The following )

describes the definitions and calculations used to yield the 2-3- Surface distance

shape descriptors of the left ventricular endocardial wall
based on 3D wire-frame model.

2. Computation of three-dimensional shape descriptors

The shape descriptors of regional surface changing

The SD shows the length of an arbitrary surface line from
base to apex. It could be approximated by summing the edge
segments of each mesh of 3D wire-frame model along the

2.1. Regional surface changing entire surface line. The following equation gives the calcu-

lation of SD:
The RSC describes the changing of the endocardial "
surface along the specified surface line of left ventricular Sp = ZF‘H’: 3
endocardial wall. The following formulates the calculation =T
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where SDis the SD along thgh surface linei = 1,2, ..., M in three-dimension as a 3D effective radius map (ER map).
represented thih slice, ancETij is the tangent vector on  Both the stereo landscape and the contour map can be
the mesh pointi(j) along thejth surface line. It shows the illustrated to represent the global change of the curved
distance of the pathway along an arbitrary surface line from endocardial surface of LV.

base to apex on endocardial surface. This arbitrary surface

line can be chosen from base down to apex with any possi-

ble path. The larger the SD is the more convex or concave 3, Data acquisition and manipulation

from the long axis of LV the surface represents. The rough-

ness of the surface may also enlarge the parameter of SD. In order to obtain the shape descriptors of LV, 3D-image
However, when comparing SD obtained from end-diastolic data set of LV should be acquired and undergoes image
and end-systolic phase with each other, the changes in SDreconstruction to form a 3D wire-frame model. The proce-

can analogize to the contractility of LV. dures for estimating shape descriptors are image acquisition,
volume reconstruction, border tracing and resampling,
2.4. Normalized surface distance shape descriptors calculation, and graphic display. The

) . ) following gives the details of each item.
The ND is the normalized version of SD and measures the

extent of convexity or concavity along the specified surface

line but repels the influence of heart size. The following 3.1. Image acquisition

equation formulates the evaluation of ND: The echocardiographic images are acquired with HP
" Sonos 2500 ultrasound imager (Hewlett-Packard, USA)

Y |mj’| with TEI_E p_robe_operated in 4_D protocol. IF acquires the

ND; — =L ’ (4) sequential imaging planes using the rotational approach
J |al’ij’j\ from a transesophageal transducer position. Images are

acquired by starting with the transducer in the transverse

where ND means the normalized distance of fttesurface position. Then a rotation is performed in our examinations,
line, i = 1,2,...,M is the number of the slicegg, by, is ~ USing 2-10, and 3D data for the images are acquired at
the length measured from the beginning mesh point (on the €ach position.

base) to the end point (on the apex) of jliesurface line,

and[a;;b;;| is the length of the vecta, b, The ND, similar ~ 3.2. Volume reconstruction

to the parameter of SD, can also be used to measure the

convexity or concavity of the surface on the specified As TEE imaging protocol acquires images using the rota-
surface line. As it is normalized with the straightforward tional approach, the 3D-image data set must be converted to
(shortest) distance of the surface line, ND turns off the affect the cubic format for further processing. The volume recon-
caused by the different size of LV. When we compare ND struction process transfers the raw data from polar coordi-
obtained in end-diastolic phase to that obtained in end- hate €, 6, 2) to Cartesian coordinate(y, 2). The necessary
systolic phase, the ND describes the changes in shape adterpolation should be introduced to calculate and fill the
time evolving. As ND reduces to unity from arbitrary Signal loss caused in the image acquisition scheme.
number, it shows the trend of degeneration from a curved

surface to a plane surface. Applying to describe the shape 0f3.3. Border tracing and resampling

LV, it represents the evolution of endocardial surface from

sphere-like to cylinder-like shape. When the cubic data set is transferred, the transaxial
planes of echo images are reformed and traced by manual
2.5. Effective radius of endocardial surface tracing with assistance of semi-automated interpolation.

The endocardial borders are obtained from base to apex
The ER measures the distance from every mesh point toon a slice by slice basis. The endocardial borders are then
the long axis of LV. The long axis of LV is defined as a resampled by cutting the area enclosed by the border into
straight line connecting the center of mitral valve and apex. sectors with the same degree from the centroid. By the use
The following gives the calculation of ER: of each intersection point of the segments, 3D wire-frame
model of endocardial surface was constructed.
, )

ER; = (XY, 2ij = (X Yo )i
3.4. Shape descriptors estimation

whereER; is the ER from thgth mesh point ofth slice, ,

Y, 2);,; is coordinate of thgth mesh point on thith slice, and After the wire-frame models are reconstructed, the

(X Yor Zo); IS coordinate of the point where thi¢h slice Cartesian coordinate of every mesh point is taken into

intercepts the long-axis of LV. When the ERs of the entire calculation according to their definition to yield the shape

endocardial surface of LV are calculated, they are displayed parameters.
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Fig. 2. Wire-frame models reconstructed from patients’ left ventricle, from (a)—(h). The left panel shows the LV obtained in end-diastolieplyigeahel
shows that obtained in end-systolic phase.

3.5. Graphic display display are all custom-designed and performed on a
personal computer. The volume reconstruction and border

The derived shape descriptors are displayed according totracing and resampling processes are implemented with
their characteristics. Generally, the 3D parameters such asMicrosoft Visual Ct++ programming language. The para-
ER and RSC are displayed in three-dimensional views. The meter calculation and graphic display are developed under
others are displayed with two-dimensional curves or just the Matlab environment. In despite of the edge tracing
calculated values. process, which is the most time-consuming procedure, the

The processes of volume reconstruction, border tracing shape descriptor estimation processes could be completed
and resampling, shape descriptor estimation, and graphicwithin 1 min.
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(b

Fig. 3. The regional surface changing (RSC) of 3D wire-frame models
obtained from eight patient’s left ventricle. From (a)—(h), they show the
results of patients 1-8, respectively.

4. System validations
4.1. Subjects

Transesophageal echocardiography (TEE) of eight
patients was acquired and underwent 3DVCA to verify the
feasibility of the developed method. The 3D image data sets
were acquired with HP Sonos 2500 ultrasound machine by
TEE imaging probe operated under 4D protocol. After the
cubic data sets were completed, the data sets in end-diastolic
and end-systolic phases were chosen to perform 3DVCA to
yield the shape descriptors. The shape descriptors obtained
in both end-diastolic and end-systolic phases were
compared.

4.2. Tests of interobserver and intraobserver variations

The variations of the interobserver and intraobserver
were performed on one set of TEE images of phantom'’s
(a balloon filled with known volume of water). The image
data set underwent volumetric calculation and cardiac shape
analysis to yield both the volume and the ER of the test
phantom. All experiments were performed by two indepen-
dent observers on separate occasions. Analysis of variation
(ANOVA) of the volumetric calculation was computed with
F-test withp < 0.05. The variation of the ER was assessed
by plotting the ER values obtained by one observer versus
that obtained by himself or the other observer in one-to-one
correspondence.

5. Results
5.1. Measurements in echocardiographic images of patients

A set of in vitro tests is performed with the TEE images of
the patient’s left ventricle. The reconstructed 3D wire-frame
models of left ventricular endocardial surface obtained from
the patients are shown in Fig. 2. Fig. 2a—h, show the 3D
wire-frame models of eight patients’ left ventricles in both
end-diastolic and end-systolic phase. Fig. 3, shows the
results of RSC obtained from the 3DVCA. The greater
RSC means that the endocardial surface is rougher in this
portion than elsewhere.

The GSC of the wire-frame models obtained from the
patients’ TEE images are shown in Fig. 4. Generally, the
GSC of the end-diastolic phase is larger than that of end-
systolic phase because of the fixation points at the end of
apex and mitral annulus. In order to pour in more blood
when diastole, the myocardium in the middle portion of
LV must extend as much as possible. It enlarges the curva-
ture of the left ventricular shape in the end-diastolic phase.
The result also shows that the GSC is greater in free wall
rather than the septum when measured in the end-diastolic
phase. It means that the myocardial in free wall is more
contractile and energetic than that in the septal area. From
the result of Fig. 4, the change in GSC from end-diastolic
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Fig. 4. The GSC obtained from the 3DVCA of eight patients’ left ventricular TEE images. The dotted-line shows the result measured in end-dsestoit pha
the solid-line shows the result obtained in end-systolic phase.
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Fig. 5. The SD obtained from the 3DVCA of eight patients’ left ventricular TEE images. The dotted-line shows the result measured in end-diastolit phas
the solid-line shows the result obtained in end-systolic phase.
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e

Fig. 6. The ND of eight patient’s left ventricle, (a)—(h), obtained by the 3DVCA. In each figure, the dotted-line shows the ND obtained in endptiastolic
and the solid-line shows that obtained in end-systolic phase.

phase to end-systolic phase relates to the contractility of condition. However, the GSCs of patients 1 (Fig. 4a),
left ventricle. For example, the LV of patient 2 has a 6 (Fig. 4f), and 8 (Fig. 4h) all change to a great extent
minor GSC change in the portion of LAD as shown in because of the good contraction referred to in Fig. 2.
Fig. 4b; this might be caused by the ill contractile The consistent waveform shown in Fig.4a, f, and h also
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indicates that the shape of endocardial surface is
retained throughout the systole.

The SD that measures the length of a specified surface
line from base to apex obtained from the patient’'s LV is
depicted in Fig. 5. We can find that the area enclosed by the
SD curve obtained respectively in end-diastolic and end-
systolic phases is proportional to the contractility of
myocardium. As the difference between the SD curve
obtained in end-diastolic phase and that obtained in end-
systolic phase in one-to-one correspondence represents the
extent of contraction of the myocardium throughout the
systole, it can also be considered as the index relates to
the stroke work of heart. As the results show, patient 2
(Fig. 5b) had an ill contractile condition in the septal
portion, the patients 3 and 5 had bad contractility in the
portion of LAD as shown in Fig. 5¢c and e, the LV of patient
4 (Fig. 5d) had the worst contractility among all test
patients.

Fig. 6 shows the results of ND obtained in end-diastolic
phase (dotted-line) and end-systolic phase (solid-line). As
the ND displays the trend of changes in shape of the endo-
cardial surface throughout the systole, the difference
between the NDs obtained in end-diastolic and end-systolic
phase can be used to interpret the deformity of left ventri-
cular chamber. For example, in Fig. 6a, it shows that the
deformity of the entire LV is consistent throughout systole.
Fig. 6¢ and d shows the deformity in free wall is stronger
than that in septal portion.

The ER maps of eight patients’ LV are displayed in Fig.
7. The left panel shows the ER maps obtained in end-diasto-
lic phase and the right panel displays those obtained in end-
systolic phase. Generally, the results show that the ER map
obtained in end-diastolic phase is smoother than that
obtained in end-systolic phase. This is because of the effect
of upheaval of the injected blood in the end-diastolic phase.

5.2. Interobserver and intraobserver variations

The interobserver and intraobserver variations are
assessed by two measurements of a set of ultrasonic images
of phantom. One is the shape parameter of ER and the other
is the volumetric calculation derived by summing all slice
volumes. The relationships between the ER measured by the
same observer and different observers are displayed by
experiment or user basis (Fig. 8). Fig. 8a and b, displays
the relationship between the measured ER of two measure-
ments of observer 1 and observer 2. The result shows that
the variation of the measured ER obtained from observer 2
(r =0.98) is slightly larger than the result obtained from
observer 1 (= 0.99). Fig. 8c, depicts the relationship
o 4 between the measured ER obtained from observer 2 versus

(h) that obtained from observer 1. The result shows that the
correlation coefficient is 0.94. That is, the measurement

Fig. 7. ER map of endocardial surface by 3DVCA of eight patient's left - gphtained by the different users is consistent with each other.
ventricle. The figures in the left panel show the results obtained in end- The assessment of the volumetric calculation is listed in

diastolic phase and, correspondingly, the results obtained in end-systolic . . .
phase arg shown in the righrtJ paneﬁy Y Table 1. According to the result of variance analysis, the
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Effective Radius measured by the observer 1 at different occasions

second time

first time

(a)

Effective Radius measured by the observer 2 at different occasions

second time

first time

(b)

Effective Radius measured by Observer2 vs effective radius measured by observer 1

Observer2

Fig. 8. The relationship between the measured ER obtained by the observer 1 and the observer 2, (a) the measured ER obtained by the observer 1 at t
different occasions; (b) the measured ER obtained by the observer 2 at two different occasions; and (c) the measured ER obtained by the obsehegr 2 versu
obtained by the observer 1.
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Table 1
Variance analysis of the measurements of the volumetric calcufation

Observer 1 Observer 2 Row average Row difference
1st measurement 94.38757 97.75715 96.07236 — 0.80941
2nd measurement 95.28532 97.69740 96.49136 — 0.39040
3rd measurement 97.74256 98.46021 98.08158 1.19981
Col average 95.80515 97.95838
Col difference — 1.07662 1.07662 Total average 96.88177

2 The F-value was 3.74 in rows and 4.83 in columns. Both differences in rows and columns were non-significa@06).

F-value of the interobserver variation is 4.49 and, e descriptors including RSC, GSC, SD, NSD, and ER of the
value of the intraobserver is 4.83. It indicates that both endocardial surface could be derived from the three-dimen-
interobserver and intraobserver variations are non-signifi- sional wire-frame models generated from the 3D image data
cant during the volumetric calculatiop & 0.05). That is, set.

the results of volumetric calculation are consistent with each  The RSC could be used to measure the residual vector of
other. The results show that the measurements are highlymoving direction. That is, it could tell the direction of roller
reliable and reproducible. bearing moving when it is placed on the top (base) of the
endocardial surface. When the measured region contains
either the apical or the ventricular septal portion of the
heart, the apical (ASC) or septal surface changing (SSC)
could be achieved. This parameter also indicates the extent
of the roughness (or smoothness) of the surface around the
apical or septal portion of LV. The GSC represents the
symmetry to the center of mass of geometry. This could

6. Conclusion

In this article, we described a set of shape descriptors
allowing investigating 2D and 3D shape of LV regionally
and globally. Custom-designed software to compute these
shape_descrlptors_; was |mplerr_1ented and run on the_Mlcro-be used to indicate the degree of deformity of the heart
soft Windows environment. This was also validated with the : " 2

) . dynamically. Additionally, the GSC also exhibits the rela-

echocardiograms of phantoms and patients. The results; L . .
show that the developed shape descriptors can be apolie ionship with contraction of endocardial surface. A normal
P P b PP V shows consistent GSC waveform in both end-disatolic

to derive the multi-parametric data on the regional and . : . .
. : and end-systolic phase. The SD and its normalized version,
global left ventricular shape. The software is also proved L :
. . . ND, measure the length of a specified surface line. These
to be highly reliable and reproducible because of very low I : .
two indices reveal the convexity and concavity of LV.

interobserver and intraobserver variability. Generally, the larger the SD or ND is, the more concave
Despite that the 3D volumetric curvature (3DVCA) could Y, 9 : L
. ; or convex the left ventricular endocardial surface appears.
be applied to explore the shape of the endocardial surface,; . . ; .
. Besides, the comparison of the SD and ND obtained in both
we still need to analyze data from a large enough sample . . :
. ) . : end-diastolic and end-systolic phases are made. The results
size to specify the relationship between the shape of LV and . . L .
X : ; depict that the change in SD with time evolution relates to
the cardiac diseases. In the near future, we are going to "
; . . . the contractility and the stroke work of LV. However, the
collect and categorize the three-dimensional image data : : X
; . . .__change in ND analogizes to the change in shape of endo-
set of echocardiographic images according to the cardiac . o )
) . . cardial surface with time evolving. The ER measures the
disease and apply them to perform 3DVCA to identify the . ) )
distance from endocaridal surface to the geometrical long

developed shape descriptors with their physiological and axis inside LV. However, ER could be displayed in three-

pathological implications. Besides, the 3DVCA should . . . . .
. : ; dimensional and would be useful to investigate the regional
also be applied to the entire cardiac cycle rather than end- ) i
and global myocardial dynamics.

d|astol|_c and end-systolic phases only to achieve the The developed descriptors are applied in the 3D cardiac
dynamic study of left ventricular shapes. However, the ; . )
shape of echocardiograms of phantoms and patients to vali-

2053”3& |(r;1rag§mde:jt; dsi[m?gt?g'er? fr;)r:r; u?(;hgg Zoﬂ?elgletz’ date the feasibility and physical meanings of them. The 3D
9. P grapny, PP wire-frame models are built with the procedures of image

3DVCA to be as cross-references for the current study. o ; : .
acquisition, cubic data reconstruction, edge tracing, and

volume rendering. The shape descriptors are then evaluated
7. Summary from every mesh point on the 3D wire-frame models. The
proposed method of three-dimensional cardiac shape analy-
Heart diseases often affect the left ventricular chamber sis in this article could be applied not only in the description
size, myocardial mass and function. By the use of echocar- of the static and dynamic LV shapes, but also in evaluating
diogram, we can reconstruct the 3D wire-frame model of other cardiac chamber and great vessel as well. These
LV and use it to derive various shape descriptors. The shapenew parameters would be very useful in the study of
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pathophysiologic adaptation or mal-adaptation in a variety
of cardiac diseases and would be profound clinical impact in
the choice of appropriate therapeutic interventions and
predicting patient’s outcome.
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