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Quantification of Left Ventricular
Shape Differentiates Pediatric
Pulmonary Hypertension
Subjects From Matched Controls
Changes in left ventricle (LV) shape are observed in patients with pulmonary hyperten-
sion (PH). Quantification of ventricular shape could serve as a tool to noninvasively
monitor pediatric patients with PH. Decomposing the shape of a ventricle into a series of
components and magnitudes will facilitate differentiation of healthy and PH subjects.
Parasternal short-axis echo images acquired from 53 pediatric subjects with PH and 53
age and sex-matched normal control subjects underwent speckle tracking using Velocity
Vector Imaging (Siemens) to produce a series of x,y coordinates tracing the LV endocar-
dium in each frame. Coordinates were converted to polar format after which the Fourier
transform was used to derive shape component magnitudes in each frame. Magnitudes of
the first 11 components were normalized to heart size (magnitude/LV length as measured
on apical view) and analyzed across a single cardiac cycle. Logistic regression was used
to test predictive power of the method. Fourier decomposition produced a series of shape
components from short-axis echo views of the LV. Mean values for all 11 components
analyzed were significantly different between groups (p< 0.05). The accuracy index of
the receiver operator curve was 0.85. Quantification of LV shape can differentiate normal
pediatric subjects from those with PH. Shape analysis is a promising method to precisely
describe shape changes observed in PH. Differences between groups speak to intraven-
tricular coupling that occurs in right ventricular (RV) overload. Further analysis investi-
gating the correlation of shape to clinical parameters is underway.
[DOI: 10.1115/1.4038408]
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Introduction

Changes in left ventricle (LV) shape (intraventricular septal
flattening) secondary to cardiovascular pathology have long been
qualitatively observed [1–4]. As pressures in the right and left
ventricles deviate from normal, the intraventricular septum begins
to shift away from its characteristic circular shape, as viewed in a
cross-sectional (short axis) echocardiogram. Shape changes result-
ing from ventricular pressure imbalances tend to manifest as a
characteristic D-shaped LV, change in curvature of the myocar-
dial walls and a loss of circular shape in the LV, leading to an
elliptical (eccentric) appearance. Figure 1 depicts severe changes
in LV shape as a result of pulmonary hypertension (PH).

Quantitative description of perceptible deviations in left ven-
tricular shape could provide a tool for clinicians to noninvasively
enumerate and track disease progression. Several methods for ana-
lyzing ventricular shape have been proposed [3–16]. Some meth-
ods are very complex and resource intensive, such as three-
dimensional ventricular shape analysis [7,8], while others are
more rudimentary and accessible, such as eccentricity index
[5,12] and ventricular diameter ratios [13]. Some of the simpler
methods are very effective for quantifying gross changes while
more complex methods can detect very subtle changes more pre-
cisely. A need still exists for a technique that lies somewhere in
the middle to address limitations of sensitivity and fidelity at one
end of spectrum and the practicality and logistics of workflow at
the other end. Clinically, image processing techniques must be
fast, simple, and not require complex protocols if they are to be

adopted for routine use at sites with varying levels human and
technological resources. As such, this work focuses on the analy-
sis of ventricular shape using standard two-dimensional echocar-
diograms and a simple processing algorithm.

Ventricular shape, as viewed in a parasternal short-axis view,
can be decomposed into a series of shape components using the
Fourier transform. The Fourier transform can take a two-
dimensional shape and break it down into a series of component
shapes that, when added together, reproduce the original shape.
The zeroth-order component corresponds to a pure circular dila-
tion while the first-order shape mode resembles the characteristic
D-shape of the LV in the presence of elevated right ventricular
(RV) pressures. The second-order shape can be compared to
eccentric geometries sometimes quantified using an eccentricity
index. The third-order shape is triangular while the fourth-order
shape is square. These modes may serve to capture the interfaces
between the LV free wall and the septum. The first 5 shape com-
ponents in the series are shown in Fig. 2. It should be noted that
shape component 0 has been added to all subsequent components
so the effect of each component’s contribution to overall shape
can be appreciated.

Shape decomposition techniques were first described in 1970
by geologists looking to classify quartz grain patterns [16]. In
the early 1980s, clinicians began applying this method to the
heart [17–19]. This work provides an efficient, effective, and
updated algorithm for implementing the procedure using modern
technology.

Methods

Subject Cohort and Imaging Protocol. The study was
approved by the institutional review board of the University of
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Colorado. A total of 53 age- and sex-matched pediatric subject
pairs were analyzed. Healthy controls were compared against a
cohort formally diagnosed with PH by experts in the field. Sub-
jects ranged in age from 9 months to 17.1 years with a mean of
7.2964.45 years. Subjects included diagnoses of both idiopathic
PH, and PH associated with congenital heart disease (preoperative
or post repair) or secondary to lung pathology. All subjects had
normal LV function based on Simpson’s monoplane method
(ejection fraction >50%).

Any subjects with a secondary cause for septal motion abnor-
mality other than PH including prosthetic valve, pace maker, sig-
nificant arrhythmia at time of the exam, complex congenital heart
disease, or cardiac transplantation were excluded. All subject pairs
underwent routine echocardiographic studies. Parasternal short-
axis views spanning 1 cardiac cycle were used for shape analysis.
Apical four chamber views were used to measure LV length, per
American Society of Echocardiography recommendations [20].
Left ventricular length was used to normalize results to heart size
as described below.

Image Processing Algorithm. The endocardial border of the
LV was traced in the parasternal short-axis view using vector
velocity imaging (Siemens, Erlangen, Germany) to produce a
series of 48 x,y coordinate pairs tracing the endocardial border in
each frame. The aforementioned Cartesian coordinates were then
imported into MATLAB for processing and analysis. First, the cent-
roid (center of mass) of the LV, in each frame, was calculated.
Coordinates (x,y) of the centroid, in each frame, were averaged to
produce a global centroid across all image frames acquired during
the cardiac cycle. Using the global centroid, coordinates defining
the endocardial border were converted from Cartesian to polar
systems, where, the inverse tangent, accounting for the quadrant
of the unit circle in which the original point was located, was used
to calculate an angle (h) and the Pythagorean theorem was used to
calculate a radius (r) per below equations:

h ¼ tan�1 x

y

� �
(1)

where the resultant angle is located within the quadrant of the x,y
coordinates with respect to a unit circle

r2 ¼ x2 þ y2 (2)

where x and y are coordinates describing the endocardial border,
and r is the resultant radius when converted to polar coordinates
centered on the global centroid of the left ventricular shape.

To prepare for the Fourier transformation, a cubic spline was fit
to the endocardial tracing. Forty eight equally spaced points, lying
on the spline, were then calculated. The 48 points defining the
spline that was fit to the LV endocardial border were then ana-
lyzed using a discrete Fourier transform, per the equation below,
in MATLAB:

YðkÞ ¼
Xn

n¼1

XðnÞe
2pi

nðj�1Þðk�1Þ (3)

where vectors X and Y are of length n which, in this case, is 48.
The Fourier transform produced magnitude and phase information

Fig. 1 Parasternal short-axis views of the LV in normal (a) subjects and subjects with PH (b)
illustrating gross shape deformation in severe PH. Images (c) and (d) show tracings of the endo-
cardial border in all frames acquired over one cardiac cycle. Obvious shape differences are
readily perceptible.

Fig. 2 Illustration of first 5 shape components. Mode 0 is asso-
ciated with pure circular dilation and has been included with
the subsequent modes (e.g., mode 3 5mode 0 1 mode 3) to
emphasize the physical manifestation of each mode on the full
shape. Full shapes are achieved by adding all shape compo-
nents together.
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for a series of 48 shape components. All shape component magni-
tudes were then normalized by LV length. A flowchart for the pro-
cess is provided in Fig. 3.

Analysis and Modeling. The first 11 (of 48) shapes were ana-
lyzed for significance. A limited number (11) of shape compo-
nents were chosen due to correlations between low and higher
order shape modes to prevent collinearity within the multivariate
logistic regression. Shape mode magnitudes were taken in systole
and diastole. Additionally, maximum and minimum component
magnitudes across the entire cardiac cycle were analyzed. All
magnitudes were normalized to heart size using left ventricular
length as measured in an apical four chamber view. Magnitudes
were compared using paired t-tests to assess differences between
group means for the first 11 shape components. Next, magnitudes
were assessed for collinearity, after which a multivariate logistic
regression was performed by calculating a generalized linear
model fitting predictor variables (shape component magnitudes)
to a binary response (diagnosis of PH or not). This process can be
described by the following equation:

Y ¼ bX (4)

where Y is a binary response (PH or no PH), X is a set of predictor
variables, and b is a set of coefficients that relate the response to
the predictor variables. For a binary response variable, a logistic
regression may be employed to calculate the probability that a
given set of predictor variables will fall into one class or the other.
This form of a generalized linear model is described in the follow-
ing equation:

logit pð Þ ¼ log
p

1� p

� �
¼ b0 þ b1X1 þ � � � þ biXi (5)

where X is a vector of predictor variables that may be continuous,
or discrete, b is the coefficient vector describing the regression
model, and p is the probability that the sample belongs to a partic-
ular response group (normal versus PH).

Generalized linear models (logistic regressions) were then opti-
mized for the minimum number of predictor variables (shape
components) and used as classifiers to produce receiver–operator
characteristic (ROC) curves for prediction of a PH diagnosis.
When building an ROC curve, known classifications, in this case
a PH diagnosis, are compared to probabilities calculated by the
logistic regression. Differences between the calculated and actual
classifications are quantified as true and false detection rates on
scales from 0 to 1. When plotted against one another, the true and
false positive rates capture the efficacy of the diagnostic test. A
perfect diagnostic would produce an area of 1 under the curve,
indicating that all diagnoses were made with false positive/nega-
tive rates equal to 0.

Correlations between tricuspid regurgitation jet (TR) velocity
and shape component magnitude were also investigated. After
analyzing the full cohort, the analysis was repeated to assess the
utility of the technique for detecting early stage disease. To do
this, subjects with TR velocities< 3.6 m/s were assumed to be in
earlier stages of the disease. TR jet velocities are considered nor-
mal when less than 2.5 m/s [12] but 3.6 m/s was used in this study
due to limited sample size. While this condition (TR jet veloc-
ity< 3.6 m/s) is likely true for all control subjects, it was hypothe-
sized that analysis of shape components could still distinguish
between the control and PH cohorts. The analysis was repeated in
17 subject pairs. Subjects diagnosed with PH, and having

Fig. 3 Image processing algorithm for extraction of shape information. The apical four chamber view image depicts how meas-
urements of the left ventricular length were obtained and used to normalize shape distributions to heart size.

Fig. 4 Shape components from age/sex matched pair. Analysis
performed on systolic frame. Left ventricular shapes recon-
structed from all 48 components are also shown to depict
actual ventricular shape.
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measured TR velocities ranging from 1.72 to 3.55 m/s (mean of
3.0660.50 m/s), were compared against age/sex matched con-
trols. The cohort described here will subsequently be referred to
as the low TR velocity cohort.

Results

Significant differences were observed between healthy and
hypertensive groups. This section provides t-test comparisons of
shape component magnitudes followed by a series of logistic
regression models and finally a description of correlations
between TR velocity and shape component magnitude.

Shape Distributions. In the hypertensive group, shape compo-
nent distributions tend to shift away from pure circular dilation
with increasing contributions from higher order shapes. Shape dis-
tributions are visibly different between cohorts as shown in Fig. 4.

The first 11 components were analyzed in systole, diastole, and
across one cardiac cycle using a two tailed, paired t-test. When
examining the full subject cohort (53 subjects), seven of the first
11 shape component magnitudes were significantly different at a
small significance threshold (p< 0.0001). Eight shape component
magnitudes in the low TR velocity cohort were significantly dif-
ferent using a larger significance threshold (p< 0.05). Results
from t-tests are summarized in Table 1. Figure 5 illustrates shape
component distributions.

Differences between the full cohort and low TR velocity cohort
are most noticeable in the modes corresponding to pure circular
dilation along with the D and elliptical shape modes. There
appears to be a more linear shift in shape distribution in the early
stage cohort while the full cohort displays some variance in how
the shape modes are distributed. To illustrate the sensitivity of
this method to subtle shape variations, Fig. 6 compares a control
subjects tracings and component magnitudes, in systole, to a
matched subject with PH that has not yet led to gross shape abnor-
malities that are obvious to the naked eye. Quantification of the
shape (component magnitudes) calculated using the method
described in this work is also presented in Fig. 6. Noticeable dif-
ferences in the shape distribution can be observed, speaking to the
sensitivity of this method to early changes in ventricular shape.

Regression Models. Logistic regression models were able to
distinguish between the PH and control groups with ROC curve
accuracy indices area under the curve (AUC) ranging from 0.83
to 0.90. Collinearity was observed for higher order components;
however, reduced models did not display significant collinearity
with correlation coefficients below 0.14. Variance inflation factors
ranged from 1.3 to 5.6. Models derived from systolic frames tend
to have the best results, with the exception of the low TR velocity
analysis where the reduced diastolic model outperforms the
reduced systolic model (AUC of 0.89 versus 0.83). Since the low
TR velocity group only consisted of 17 subject pairs, the model is
only at a proof-of-concept stage. A series of ROC curves demon-
strating optimized versus full models, for both analyses, is pro-
vided in Fig. 7.

The model derived from the first 11 shape components for the
systolic frames of all 53 subject pairs was optimized down to
three components, including shape modes 0, 1, and 10. Simplify-
ing the regression model reduced the area under the curve from
0.86 to 0.85. For the low TR velocity analysis, the systolic model
reduced to only two components, 0 and 10 resulting in an AUC
0.834. For lower TR velocities, the most accurate model was
again a full systolic model, including shapes 0–10 with an AUC
of 0.90. Interestingly, the diastolic model consisting of shapes 0,
4, and 9 also did a good job of predicting PH in the low TR veloc-
ity analysis with an AUC of 0.89. It should be noted that the cor-
relation coefficient between shapes 4 and 9 is 0.49. Additionally,
the low TR velocity analysis is limited by the number of subject
pairs so the results will need to be confirmed in a larger cohort.
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TR Velocity Correlation. Examination of the relationship
between TR velocity and shape component magnitude produced
three correlations with R2 values> 0.40. Component two (dipole/
ellipse) was the component most associated with velocity
(R2¼ 0.49) while components four and ten also displayed some
correlation with R2 values of 0.41 and 0.44, respectively. Figure 8
shows variation in component magnitude with TR velocity for 29
of the 53 subjects with PH. TR velocity data was not available for
the other 24 subjects.

Discussion

A method for using routinely acquired ultrasound images to
screen for PH in the pediatric population has been presented.
Decomposition of LV shape into a series of components can
facilitate quantitative description of ventricular changes. Compo-
nent shapes correspond to abnormalities observed in RV pressure
overload such as flattening of the septum and eccentricity. Con-
sidering that metrics such as eccentricity have been shown to cor-
relate with RV pressure measurements and a correlation between
shape components and TR velocity has been identified, it is possi-
ble that this tool may allow for noninvasive estimation of cardio-
vascular pressures [19]. Additionally, differences observed
between early (TR velocity< 3.6 m/s) and late stage disease
demonstrates the feasibility of using this method of shape quanti-
fication to describe the natural progression of LV deformation as
a result of intraventricular coupling. This method is appealing
due to the relative ease, simplicity, and reproducibility of obtain-
ing parasternal short-axis views of the left ventricle. Additionally,
the algorithm does not require large amounts of time or sophisti-
cated computers making the method accessible. The sensitivity

Fig. 5 Shape component distribution in both subject cohorts. Asterisks indicate a significant difference in mean values
between control and PH groups at a significance level of p < 0.05.

Fig. 6 Comparison of shape component magnitudes in systole
for a control subject and a PH subject with less obvious defor-
mation illustrating sensitivity of the method to subtle shape
changes. Images (a) and (c) are tracings of the endocardial bor-
ders across the entire cardiac cycle for a control (a) and PH (c)
subjects. Images (b) and (d) are the endocardial border tracings
in systole. The table provides quantification of the shape illus-
trating the sensitivity of the method.
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with which shapes may be described may also prove to offer
other insights into the natural history and progression of PH and
potentially allow for earlier quantification of deviations in LV
shape.

Future Work

Analysis of a larger cohort with simultaneous RV pressure is
under way assessing the correlation between shape distribution
and RV pressure measurements obtained via catheter. Additional
classifiers such as World Health Organization functional score,
disease severity, and etiology should be examined to test this
method’s ability to classify within the PH population. Investiga-
tion of higher order shape modes may also offer insight into sys-
temic cardiovascular mechanics. Shapes three and four (triangular
and square) could provide a means to quantify interactions
between the intraventricular septum and LV free wall. Preliminary
analyses of shape dynamics across the cardiac cycle are also
underway. It is hypothesized that incorporation of time data will
yield a more sensitive classifier and predictor.

Shape component analysis is a promising method to differenti-
ate PH and control subjects. In addition to being useful as a
screening tool for PH, this method shows potential for use as a
noninvasive means to estimate intracardiac and vascular pressure.
The ability to describe LV shapes with a high level of sensitivity
and precision makes this technique a good candidate for tracking
disease progression and, perhaps, therapy/treatment efficacy. Fur-
ther study is warranted.
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