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ABSTRACT

Left ventricular ejection fraction (LVEF) assessment is instrumental for cardiac health diagnosis, patient manage-
ment, and patient eligibility for participation in clinical studies. Due to its non-invasiveness and low operational
cost, ultrasound (US) imaging is the most commonly used imaging modality to image the heart and assess LVEF.
Even though 3D US imaging technology is becoming more available, cardiologists dominantly use 2D US imaging
to visualize the LV blood pool and interpret its area changes between end-systole and end-diastole. Our previous
work showed that LVEF estimates based on area changes are significantly lower than the true volume-based
estimates by as much as 13%,1 which could lead to unnecessary and costly therapeutic decisions. Acquiring
volumetric information about the LV blood pool necessitates either time-consuming 3D reconstruction or 3D US
image acquisition. Here, we propose a method that leverages on a statistical shape model (SSM) constructed
from 13 landmarks depicting the LV endocardial border to estimate a new patient’s LV volume and LVEF. Two
methods to estimate the 3D LV geometry with and without size normalization were employed. The SSM was
built using the 13 landmarks from 50 training patient image datasets. Subsequently, the Mahalanobis distance
(with size normalization) or the vector distance (without size normalization) between an incoming patient’s LV
landmarks and each shape in the SSM were used to determine the weights each training patient contributed
to describing the new, incoming patient’s LV geometry and associated blood pool volume. We tested the pro-
posed method to estimate the LV volumes and LVEF for 16 new test patients. The estimated LVEFs based on
Mahalanobis distance and vector distance were within 2.9% and 1.1%, respectively, of the ground truth LVEFs
calculated from the 3D reconstructed LV volumes. Furthermore, the viability of using fewer principal compo-
nents (PCs) to estimate the LV volume was explored by reducing the number of PCs retained when projecting
landmarks onto PCA space. LVEF estimated based on 3 PCs, 5 PCs, and 10 PCs are within 6.6%, 5.4%, and
3.3%, respectively, of LVEF estimates using the full set of 39 PCs.
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1. INTRODUCTION

As a critical indicator of the cardiac function, the left ventricular ejection fraction (LVEF) measures the ventric-
ular contraction efficiency in the form of the ratio between the LV stroke volume and diastolic volume. LVEF
is used in vast aspects of clinical applications such as a patient management metric and clinical study eligibility
criterion. In our previous work,1 we discussed the realities in clinical practice and challenges for cardiologists to
assess LVEF based on true LV volumes instead of visually estimating LVEF based on 2D images. Notwithstand-
ing these obstacles, it is paramount that we persistently pursue a method that allows clinicians to calculate LVEF
based on volumetric data. Calculating LVEF accurately will reduce the occurrences of unnecessary therapeutic
treatments that are costly2 and detrimental to a patient’s quality of life. To enable clinicians to calculate LVEF
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based on volumes practically, a method that demands minimal manual input and delivers results quickly must
be devised.

A statistical shape model (SSM) approach was employed in numerous studies for different applications in
the field cardiology. A group of LV geometries is used to assemble an SSM that encompasses all of the spatial
coordinates of the LV surfaces. The mean shape is calculated from the group and then used to determine an
individual’s deviation from the mean. Some categorical conclusion is drawn based on the individual’s deviation
from the mean shape. Commonly, SSMs were used to represent characteristics of innumerable shapes of the LV
for a population of human subjects with reasonable accuracies.3 The generalized characteristics were used to
study LV morphology caused by various cardiac health conditions.4,5 Others incorporate principal component
analysis (PCA) into the SSM to analyze the modes of variation in the geometric characteristics.6–10

We propose a SSM approach with and without size normalization to estimate a new LV systolic and diastolic
volume and subsequently calculate the LVEF based on only 13 landmarks that define the LV endocardial borders.
The 13 landmarks are empirically known characteristic features of an LV consisting of the LV apex (1), mitral
valve hinges (6), and the midpoints of the endocardial contours (6). The SSM is constructed from a population of
50 patient-specific US tri-plane images. PCA was performed to eventually allow LV volume and LVEF estimations
for the test patients using fewer PCs than the full 39 PCs.

Figure 1. In each tomographic view of the LV, 5 landmarks (red points) are located on the endocardial border (blue
contours). From the 3 tomographic views that are roughly 60 degrees apart, 13 unique landmarks are reconstructed from
2D to 3D.

2. METHODS

For this study, we had available 66 patient-specific tri-plane US image datasets, of which 50 were used as training
data for constructing the SSM and 16 were used as testing data for LV volume and LVEF estimations. For each
image dataset, three tomographic views were captured at roughly 60 degrees apart: 2-chamber (2C) view, 3-
chamber view (3C), and 4-chamber (4C) view. Sometimes, parasternal long-axis (PLAX) view was used due to
image capture difficulty. Ground truth LV blood pools were segmented and their 3D reconstructed volumes were
obtained previously. The coordinates of the landmarks were first defined from 2D US images, then transformed,
as shown in Figure 1, into 3D coordinates using the reconstruction algorithm employed in our earlier work.11

After 3D reconstruction of the landmarks, their coordinates are structured as detailed in Equation 1. For each
landmark, there are X, Y, and Z coordinates. The subscripts describe which landmark each coordinate correspond
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to. ”Left hinge” refers to the mitral valve hinge on the left side of the endocardial contour, ”left midpoint” refers
to the midpoint of the left half of the endocardial contour, and ”apex” refers to the generally stationary apex of
the left ventricle. Both the ”right hinge” and ”right midpoint” refer to the landmarks on the right side of the
endocardial contour. ”2C”, ”3C/PLAX”, and ”4C” refer to which tomographic view the coordinate represents.
Since there is only one unique apex for the left ventricle, only one set of coordinates is used to represent the
apex location.

Anchors3D =



Xleft hinge−2C Yleft hinge−2C Zleft hinge−2C
Xleft midpoint−2C Yleft midpoint−2C Zleft midpoint−2C

Xapex Yapex Zapex

Xright midpoint−2C Yright midpoint−2C Zright midpoint−2C
Xright hinge−2C Yright hinge−2C Zright hinge−2C

Xleft hinge−3C/PLAX Yleft hinge−3C/PLAX Zleft hinge−3C/PLAX

Xleft midpoint−3C/PLAX Yleft midpoint−3C/PLAX Zleft midpoint−3C/PLAX

Xright midpoint−3C/PLAX Yright midpoint−3C/PLAX Zright midpoint−3C/PLAX

Xright hinge−3C/PLAX Yright hinge−3C/PLAX Zright hinge−3C/PLAX

Xleft hinge−4C Yleft hinge−4C Zleft hinge−4C
Xleft midpoint−4C Yleft midpoint−4C Zleft midpoint−4C
Xright midpoint−4C Yright midpoint−4C Zright midpoint−4C
Xright hinge−4C Yright hinge−4C Zright hinge−4C



= [13× 3] (1)

The 3D coordinates of the 13 landmarks for the 50 training datasets were assembled into the SSM of dimension
50 x 13 x 3. Encompassing the landmark coordinates from all 50 training datasets is a prerequisite for constructing
the SSM. LV shapes vary in size, so the alignment scheme was carefully determined. Since we will examine the
LV volume estimation performances with and without size normalization, it was decided not to scale the training
LV shapes based on their sizes while aligning them. The axis along which the three tomographic views intersect
for each training patient was used as the alignment axis when combining the 50 datasets into the SSM. Once the
landmarks of the 50 training datasets were aligned along the axis, their centers of mass along the alignment axis
were calculated and offset to zero. Finally, the centers of mass of all 50 LV shapes locate at the origin, hence,
(0, 0, 0) in 3D. The SSM is now ready to be used for LV volume estimations.

Figure 2. Point cloud representation of the 13 landmarks of all 50 training datasets.

We estimated the systolic and diastolic LV volumes and computed the associated LVEFs for the 16 test
patients based on either the Mahalanobis distances or vector distance in PCA space between a test patient and
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each of the training patient (with index i) in the SSM. The Mahalanobis distance calculation normalizes the
sizes of LV shapes by the inverse covariance matrix of the SSM. On the other hand, the PCA vector distance
calculation takes the LV sizes into account. These two approaches help determine the effect of size in SSM-based
LV volume estimations.

The Mahalanobis distance12 Mi is based on the Euclidean distance (test− traini), its transpose, and normal-
ized by the inverse covariance matrix C−1 of the SSM. This operation removes the size differences in the data.
The calculation of Mahalanobis distance is carried out using Equation 2 below:

Mi =
√

(test− traini)T C−1 (test− traini) (2)

In contrast to the Mahalanobis distance calculation based in Euclidean space, the PCA vector distance that
takes the LV size into consideration is based in PC space. Before calculating the vector distance in PC space,
the SSM dimension was transformed from 50 x 13 x 3 to 50 x 39. The Gramian matrix of the SSM with the
dimension of 39 x 39 was obtained (Equation 3) so that the eigenvalues and eigenvectors of the SSM could be
calculated by eigen-decomposition.

A′ = [50× 39]
T

[50× 39] = [39× 50] [50× 39] = [39× 39] (3)

Using the eigen-decomposition, the eigenvalues and eigenvectors of the SSM were calculated as shown in
Equation 4, where λ is the diagonal matrix consisting of eigenvalues and D is the matrix of corresponding
eigenvectors.

A
′
D = λ D (4)

The eigenvectors were sorted with respect to their corresponding eigenvalues in descending order, which
allowed for PC dimensionality reduction in the later analysis. All landmarks of the 66 patient datasets were
projected onto the PC space by multiplying with the eigenvector matrix so that they are represented as a linear
combination of the 39 modes of variation in the SSM. The vector distances in PC space Vi between a test patient
and each training patient in PC space were calculated. The Mahalanobis and PCA vector distances were used
to determine the weight wi each training patient’s LV volume Vi contributed to a new test patient’s LV volume
estimate, as shown by Equations 5 and 6.

wi =

∑50
i=0Mi

Mi
or

∑50
i=0 Vi
Vi

(5)

Vestimated =
50∑
i=0

wiVi (6)

The reference volume Vi of each patient patient is calculated from LV volumes reconstructed using the
algorithm explained in our previous work.1

Figure 3. An illustration of the 3D reconstruction workflow.
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3. RESULTS

Using the SSM generated from 50 training patient datasets, the LV systolic and diastolic volumes of the 16 test
patient datasets were estimated based on Mahalanobis distance (Estimate 1) and vector distance in PCA space
(Estimate 2). The stroke volumes were calculated as the difference between diastolic and systolic volumes, and
the LVEFs were computed by dividing the stroke volume by the corresponding diastolic volume. Comparing the
estimates to the values from 3D reconstruction, LVEFs based on Mahalanobis distance and vector distance are
within 2.9% and 1.1%, respectively, of the ground truth volumes. Noticeably, the estimates based on Mahalanobis
distance are generally further from the ground truth than those based on vector distance in PCA space, which
implies that the size effect of LV shapes makes a meaningful contribution to estimation accuracy.

Table 1. Summary of the estimated volumes and LVEFs using the SSM approach based on Mahalanobis distance and
vector distance in PCA space and the ground truths values from 3D LV volume reconstruction.

Method
Mean±Standard Error∗

LVEF [%] Stroke Volume [ml] Diastolic Volume [ml]

Image Data 55.6± 4.6 59.6± 3.94 125.8± 17.3
Estimate 1 58.5.1± 5.1 64.4± 3.9 130.1± 17.4
Estimate 2 54.5± 4.6 57.3± 4.2 123.3± 17.3

∗ Standard Error = Standard Deviation /
√
Number of Samples

Figure 4. Reference and estimated volumes using Mahalanobis distance (Estimate 1) and vector distance (Estimate 2).

Figure 5. Reference and estimated LVEFs using Mahalanobis distance (Estimate 1) and vector distance (Estimate 2).
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Additionally, we extended the PC analysis by varying the number of the PCs retained to estimate the LV
volumes. Instead of using all 39 PCs to estimate the LV volumes, only the most dominant 3, 5, and 10 PCs,
based on the same number of highest corresponding eigenvalues, were used instead. Similarly, the stroke volumes
and LVEFs were calculated from the estimated systolic and diastolic volumes using these fewer PCs. The LVEF
estimated using only 3, 5, and 10 PCs, was on average 6.6%, 5.4%, and 3.3%, respectively, higher than the LVEF
computed using all 39 PCs. More importantly, the ANOVA statistical analysis gave a p-value of 0.78, an F value
of 0.36, and a critical F value of 2.76. Since the p-value is higher than 0.05 and the F value is lower than the
critical F value, the ANOVA results confirmed that estimating using only 3, 5, and 10 PCs were not significantly
different from using all 39 PCs.

Table 2. Summary of the LVEFs calculated from systolic and diastolic volumes estimated vector distance in PCA space
using all 39 PCs compared to only using 3, 5, and 10 PCs.

Number of PCs 3 5 10 39

Systolic Volume Mean ± Standard Error [%] 56.82± 17.3 57.94± 15.7 62.73± 17.8 66.04± 17.1
Diastolic Volume Mean ± Standard Error [%] 118.1± 17.4 119.7± 17.2 122.3± 17.3 123.3± 17.3
Stroke Volume Mean ± Standard Error [%] 61.2± 4.4 61.7± 4.4 59.6± 4.5 57.3± 4.2

LVEF Mean ± Standard Error [%] 61.1± 5.0 59.9± 4.7 57.8± 5.0 54.5± 4.6
LVEF Percent Error∗ [%] 9.9 7.7 4.0 2.0

∗ Percent Error = |Estimated LV EF − Image data LV EF | / Image data LV EF ∗ 100%

All 39 eigenvalues were normalized so that they sum to unity. Consequently, each normalized eigenvalue
denotes how much its corresponding eigenvector represents the SSM. Since the eigenvalues were sorted in de-
scending order, accumulations of 1 to 39 eigenvalues were calculated to aid the understanding of how many PCs
are necessary to reasonably represent the SSM to estimate an LV volume. As illustrated in Figure 6, the margin
of return dramatically decreases when over 12 eigenvalues were accumulated. Hence, the estimation accuracy
improves much more slowly when more than 12 PCs are used.

Figure 6. By accumulating the sorted eigenvalues associated with the eigenvectors, the plot illustrates the percentage of
contribution each PC makes towards describing an LV shape.
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4. DISCUSSION, CONCLUSION, AND FUTURE WORK

Our SSM approach for estimating LV volume and LVEF based on Mahalanobis distance and vector distance in
PCA space delivered promising prospect to obtaining reasonably more accurate volume-based LVEF estimates
than area-based estimates currently in practice. Specifically, the estimation method based on PCA vector
distance achieved results closer to the ground truths than the Mahalanobis distance method. The PCA-based
method also allows the usage of only a few modes of variation, and yet maintains an acceptable accuracy in the
LVEF estimation. As pointed out by other researchers,7,13 the first three to five PCs describe the majority of the
shape variances in SSM. In our case, the first three and five PCs describe 71.4% and 86.5%, respectively, of the
overall variances in our SSM. In the future, we plan to obtain true 3D US imaging data from our collaborating
clinicians, such that the performance of our model can be further improved and evaluated.
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