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Automated Frame-by-Frame Endocardial Border
Detection from Cardiac Magnetic Resonance Images
for Quantitative Assessment of Left Ventricular
Function: Validation and Clinical Feasibility
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Purpose: To develop a technique based on image noise
distribution for automated endocardial border detection
from cardiac magnetic resonance (CMR) images through-
out the cardiac cycle, validate it, and test its clinical utility.

Materials and Methods: Images obtained in 36 patients
were analyzed using custom software to obtain left ventricular
(LV) volume throughout the cardiac cycle, end-systolic and
end-diastolic LV volumes, and ejection fraction (EF). Valida-
tion against manually-traced endocardial boundaries in-
cluded intertechnique comparisons of LV volumes, slice ar-
eas, and border positions. Then, the clinical feasibility of the
dynamic automated analysis of LV function was tested in 14
patients with normal LV function, 12 patients with systolic
dysfunction, and 10 patients with diastolic dysfunction.

Results: Analysis time for one cardiac cycle was �15 min-
utes. Intertechnique comparisons resulted in high correla-
tion (r � 0.96), small biases (volumes: –6 mL; EF: 4.6%) and
narrow limits of agreement (volumes: 17.6 mL; EF: 9.2%).
We found significant intergroup differences in multiple
quantitative indices of systolic and diastolic function.

Conclusion: Fast, automated, dynamic detection of LV endo-
cardial boundaries is feasible and allows accurate quantification
of LV size and function, which is potentially clinically useful for
objective assessment of systolic and diastolic dysfunction.
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CARDIAC MAGNETIC RESONANCE (CMR) is a nonin-
vasive imaging modality with excellent spatial and con-

trast resolution that has become the standard reference
in the assessment of left ventricular (LV) size and func-
tion (1,2), against which other techniques are fre-
quently validated (3–12). However, this technique relies
on the detection of endocardial boundaries, which re-
quires frame-by-frame manual tracing on multiple
slices, and is thus of limited value in clinical practice.
Moreover, continuous measurement of LV volume re-
quires slice-by-slice, phase-by-phase detection of the
endocardial boundaries, which with the commercially
available analysis software packages, based on the
analysis of image intensity gradients, requires manual
corrections in most patients and thus remains semiau-
tomated at best, time consuming, and subjective. Thus,
the dynamic nature of CMR imaging is largely unuti-
lized in the clinical assessment of LV function, which is
commonly reduced to visually identifying in a small
number of slices the end-systolic (ES) and end-diastolic
(ED) frames as those that depict the smallest and larg-
est cross-sectional LV cavity areas, respectively. These
frames are then traced slice-by-slice and used to obtain
ES and ED volumes (ESV and EDV) and calculate the
ejection fraction (EF). This practical solution can be
challenging in patients with severely reduced systolic
function, when volume changes are minimal, and inac-
curate in hearts, wherein ventricular contraction is un-
even and dyssynchronized so that minimum and max-
imum cross-sectional areas may appear in different
slices at different times. Availability of a reliable tech-
nique for automated detection of the endocardial
boundaries throughout the cardiac cycle would over-
come this limitation and thus improve the accuracy of
CMR quantification of LV size and function. Moreover,
LV volume over time curves may provide clinically im-
portant information on LV dynamics (13), beyond the
traditional ESV, EDV, and EF, and provide additional
insight into LV contraction and relaxation properties.

Different techniques for endocardial contour detec-
tion from cardiac MR images have been described in the
literature (14), including several reports on semiauto-
mated and automated techniques (15–23), many of
which were suitable for analysis of ED and ES phases
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only (15–17) . Limitations of these approaches include a
large number of manually segmented images required
to build a model database (18–20) or to train the model
(21–22), no continuous temporal segmentation (18),
and computational complexity (23).

Accordingly, we sought to develop and test a new
technique for fast, automated endocardial boundary
detection throughout the cardiac cycle that would be
suitable for clinical assessment of LV systolic and dia-
stolic function. In contrast to the existing techniques,
our approach does not rely on intensity gradients, but
instead uses statistical distribution of gray levels to
differentiate between the anatomic components in the
image (18,19). If such tools become widely available, it
is imperative for them to be rigorously validated and for
their clinical utility to be tested in different groups of
patients. Accordingly, our specific aims were: 1) to test
the hypothesis that differences in noise patterns be-
tween myocardial tissue and the blood pool could be
used as a basis for image segmentation and thus allow
accurate automated detection of LV endocardial bound-
ary; 2) to validate the automatically-detected endocar-
dial boundaries as well as calculated cross-sectional LV
areas and volumes against conventional methodology
based on semiautomated tracing in patients with a wide
range of EFs; and 3) to test the clinical utility of the
automated approach by applying it to images obtained
in patients with abnormal LV systolic and diastolic
function and testing its ability to detect the expected
intergroup differences.

MATERIALS AND METHODS

Study Design

Thirty-six patients referred for CMR evaluation of LV
function were studied. Exclusion criteria were: inability
to perform a 10- to 15-second breathhold, cardiac ar-
rhythmias, prior sternotomy, pacemaker or defibrillator
implantation, claustrophobia, and other known contra-
indications to CMR imaging. Written informed consent
was obtained in all patients.

This study included two separate protocols. Protocol
1 was designed to test and validate the automated con-
tinuous measurements of LV size and function against
the conventional methodology. Protocol 2 was designed
to test the clinical utility and to determine whether
indices of systolic and diastolic function extracted from
volume–time curves are sensitive enough to differenti-
ate between groups of patients with known and ex-
pected differences.

CMR Imaging

CMR images were obtained using a 1.5T Intera Achieva
scanner (Philips Medical Systems, Best, the Nether-
lands) with a phased-array cardiac coil. Electrocardio-
gram (ECG)-gated localizing spin-echo sequences were
used to identify the LV long-axis and ensure the acqui-
sition of anatomically correct short-axis views. Steady-
state free precession dynamic gradient-echo mode was
then used to acquire images during 10- to 15-second
breathholds. The imaging parameters were as follows:
echo time � 1 msec, repetition time � 3 msec, flip

angle � 60°, slice thickness � 8 mm with no gaps, field
of view � 100 mm, scan matrix size � 256 � 256 pixels,
and resolution varying from 1.25 � 1.25 mm2 to 1.79 �
1.79 mm2. Cine-loops were obtained in 8 to 14 short-
axis slices from the mitral annulus to LV apex with a
temporal resolution of 30 frames per cardiac cycle.

Slice Selection

LV slices were selected for analysis beginning with the
highest basal slice where at least 50% of the LV cavity
was surrounded by myocardial tissue, and ending with
the lowest apical slice where the LV cavity was visual-
ized during at least part of the cardiac cycle.

Automated Technique

The automated technique was used in both protocols 1
and 2. CMR datasets were analyzed using custom soft-
ware. For each frame, the 2D slices were stacked and
LV endocardial boundaries were automatically detected
throughout the cardiac cycle in all slices simulta-
neously to preserve spatial continuity. This was
achieved by using a modified region-based level-set
model, in which a priori knowledge of statistical distri-
bution of gray levels in CMR data is embedded (20). The
proposed method drives a surface evolution to achieve a
maximum likelihood segmentation of the target with
respect to the statistical distribution of image pixels.
We considered the noise in CMR images to have a Ri-
cian probability density function that approaches a
Gaussian function when pixel intensity is higher than
the noise level. The probability density function and the
functional values we defined and minimized to obtain
maximally homogeneous 3D regions were previously
described in detail (21). This model was implemented in
the MATLAB 6.1 (MathWorks, Natick, MA, USA) envi-
ronment, while the border detection algorithm was im-
plemented in the C�� language to expedite processing.

The analysis software requires a definition of a single
point within the LV cavity in a single slice at a single
phase of the cardiac cycle as a seed for the initial spher-
ical surface (Fig. 1a). This initialization is performed on
the first frame only. The initial surface evolves until the
region probability terms of the inside regions equal the
terms of outside regions, up to the regularization of the
surface. This process results in the detection of all ho-
mogeneous regions in the stack of image slices (Fig. 1b).
Then, the undesired regions detected inside and out-
side the LV cavity, such as papillary muscles, cordae
tendinae, and the right ventricular cavity, which are
characterized by the same noise distribution, are auto-
matically removed (Fig. 1c) using a simple algorithm
based on the knowledge of the position of the initial
seed point inside the LV cavity and the number of tran-
sitions between image components along each line of
voxels. The use of this procedure consecutively for each
frame resulted in the detection of LV endocardial
boundaries throughout the cardiac cycle.

For each phase of the cardiac cycle, LV volume inside
the detected surface was computed using the disk-area
summation method. From each LV volume–time curve
and its time-derivative, a series of indices of systolic
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and diastolic LV function were calculated (Fig. 2), in-
cluding EDV and ESV, which were obtained as the
maximum and minimum volumes reached during in
the cardiac cycle, respectively, and used to calculate EF
as (EDV – ESV)/EDV � 100. In addition, time from the
R-wave to end-systole (t(ES)), peak ejection rate (PER),
and time to PER (t(PER)) were computed. Indices of
diastolic function included peak rapid and atrial filling
rates (PRFR, PAFR) and their respective timings from
end-systole (t(PRFR), t(PAFR)) relative to the ECG R-
wave, as well as rapid filling fraction (RFF) and atrial
filling fraction (AFF). Ejection and filling rates were nor-
malized by EDV.

To test the effects of the placement of a single seed
point inside the LV cavity (which is the only user input
in the analysis), the repeatability of volume measure-
ments was tested in three randomly selected patients

(total of 90 automatically detected endocardial bound-
aries). The operator, blinded to previous results re-
peated the analysis, and intermeasurement variability
was computed as the absolute difference between the
two measurements in percent of their mean.

Reference Technique

The conventional technique was used only in protocol 1
for validation purposes. First, two to three midventricu-
lar slices were reviewed frame-by-frame by an experi-
enced investigator to visually determine the smallest
and largest LV cavity cross-sectional area. These
phases of the cardiac cycle were used to measure ESV
and EDV without having the complete volume time
curves. Then, in every slice, LV endocardial contours
were initially automatically detected frame-by-frame
using commercial software (Philips ViewForum) with
the papillary muscles included in the LV cavity. These
contours were visually inspected and manually cor-
rected in every slice of each frame, where such correc-
tions were necessary for accurate border positioning.
This resulted in LV cross-sectional area for each slice
over time. Global LV volumes were computed through-
out the cardiac cycle using the disk-area summation
method, from which EDV and ESV were obtained as the
maximum and minimum volumes and EF was calcu-
lated.

Protocol 1

Protocol 1 comprised of 20 patients (age 47 � 15 years;
9 males) with a wide range of EFs. To validate the
automated analysis of LV size and function, the follow-
ing comparisons were made:

1. To determine the effects of the lack of temporal
information on the reference values, ESV, EDV
and EF obtained by visual determination of ES
and ED were compared with values obtained from
the volume–time curves.

2. To validate ESV, EDV, and EF values obtained by
the automated technique as well as the automat-
ically derived parameters of systolic and diastolic
function (including t(ES), PER, t(PER), PRFR,
t(PRFR), PAFR, and t(PAFR)), were compared with
the reference values obtained from the conven-
tional semiautomated reference volume–time
curves.

Figure 1. Example of automated endocardial border detection in one slice: (a) initial point selection; (b) results of the maximum
likelihood segmentation; (c) final endocardial contour after the automatic deletion of the undesired detected regions outside and
inside the LV chamber.

Figure 2. Schematic representation of LV volume time curve
(solid black line) and its time derivative (solid gray line), and
parameters of LV systolic and diastolic function extracted from
these curves: ESV � end-systolic volume, EDV � end-diastolic
volume, SV � stroke volume, RFV � rapid filling volume,
AFV � atrial filling volume, PER � peak ejection rate, t(PER) �
time to peak ejection rate, IVRT � isovolumic relaxation time,
RF � rapid filling period, PRFR � peak rapid filling rate,
t(PRFR) time to peak rapid filling rate, DIA � diastasis period,
AF � atrial filling period, PAFR � peak atrial filling rate, and
t(PAFR) time to peak atrial filling rate.
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3. To validate the dynamic LV volume measure-
ments, each time curve obtained with the auto-
mated technique was compared against the corre-
sponding reference time curve.

4. To validate the position of the automatically de-
tected boundaries, two indices were calculated for
the ES and ED frames in each slice: �r, the mean
radial distance between the automatically de-
tected and the traced endocardial contours, nor-
malized by mean contour radius, and �S, the per-
centage of the LV cavity area that did not overlap
with the reference cavity area.

5. To identify the sources of error and assess the
intertechnique agreement along the LV long-axis,
normalized �r and �S were plotted against slice
number for each patient. These variables were in-
terpolated from LV base to apex (100 points, cubic
spline) to compensate for the differences in the
number of slices between patients, and then aver-
aged over all patients.

Protocol 2

Protocol 2 included three groups: 14 patients with nor-
mal LV function, 12 patients with systolic dysfunction
due to dilated cardiomyopathy (DCM), and 10 patients
with diastolic dysfunction secondary to LV hypertrophy
(LVH). To test the clinical feasibility of the automated
technique and evaluate the calculated indices of sys-
tolic and diastolic function in the clinical setting, the
following comparisons were performed:

1. Indices of systolic function were compared be-
tween the 12 patients DCM (age, 52 � 21 years; 4
males; EF � 32 � 11%) and 14 normal subjects
(age, 49 � 15 years; 9 males; EF � 62 � 11%).

2. Indices of diastolic function were compared be-
tween 10 patients with LVH (LV mass index � 97 �
42 g/m2; age, 59 � 8 years; 6 males) and 10 age-
matched patients (LV mass index � 56 � 16 g/m2;
age, 57 � 9 years; 9 males), selected from the
normal group to take into account the well-known
age-related differences in diastolic function.

Statistical Analysis

In protocol 1, significance of differences in ESV, EDV,
and EF computed using the reference technique with
and without the complete temporal information was
tested using paired, two-tailed t-test. Intertechnique
comparisons of EDV, ESV, and EF included linear re-

Figure 3. Example of the endocardial contours detected by
the automated technique at end-diastole and end-systole,
from the LV base (top left) to the apex (bottom right).

Figure 4. Linear regression (top) and Bland-Altman (bottom) analyses of EDV, ESV, and EF obtained using the conventional
reference technique and the automated endocardial border detection based on analysis of statistical distribution of gray levels.
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gression and Bland-Altman analyses. Additional indi-
ces of systolic and diastolic function were compared
using paired, two-tailed t-test. Intertechnique percent
discordance was computed for each pair of volume–
time curves as the point-by-point sum of absolute dif-
ferences between the values, normalized by the point-
by-point sum of reference values. Intertechnique
discordance in boundary position was estimated as the
point-by-point sum of absolute differences between the
radial distances from the LV cavity area center, normal-
ized by the average contour radius. In protocol 2, indi-
ces of systolic function were compared between the
group of patients with DCM and the normal controls
using unpaired, two-tailed t-test. Indices of diastolic
function were compared between the group of patients
with LVH and the corresponding age-matched normal
controls using paired, two-tailed t-test. P values �0.05
were considered significant.

RESULTS

Measurements obtained using the commercial semiau-
tomated technique were affected by the use of dynamic
information on LV volumes. In 14 of the 20 patients
studied in protocol 1 (70%), dynamic analysis resulted
in differences of at least one frame in the determination
of the timing of ES and/or ED compared to the conven-
tional visual assessment. This resulted in small but
nevertheless significant differences in the EDV, ESV,
and EF measurements. EDV was underestimated by
1.9 � 2.2 mL (P � 0.007), corresponding to 1.1 � 1.4%
of the measured value, and ESV was overestimated by
3.4 � 5.4 mL (P � 0.036), corresponding to 2.3 � 1.9%
of the measured value. As a result, EF was underesti-
mated by 2.1 � 1.7% (P � 0.0005).

The automated analysis resulted in LV endocardial
borders that were judged as accurate by an experienced
cardiologist in all slices and all phases of the cardiac
cycle in 35 of 36 patients (97%), by visualizing them
superimposed on the MR images in both static and
dynamic views. Importantly, in all patients, the entire
boundary detection procedure, from the placement of a
seed point in the LV cavity to having the final endocar-
dial contours drawn throughout the cardiac cycle, re-
quired less than 15 minutes. In contrast, the conven-
tional semiautomated technique required between 20

and 40 minutes depending on the number of slices and
the extent of manual corrections necessary in each
case. Of note, the intermeasurement variability in LV
volume measurements was only 0.7 � 0.4%.

Figure 3 shows an example of ES and ED images with
the automatically detected endocardial boundaries su-
perimposed. In patients enrolled in protocol 1, the use
of this technique resulted in high levels of agreement
with the conventional semiautomated reference tech-
nique (Fig. 4), as reflected by high correlation coeffi-
cients, small biases, and narrow limits of agreement
(volumes: y � 0.99x � 7.2, r � 0.99, bias � –6.0 mL
[–3.8% of mean reference value], SD � 8.9 mL; EF: y �
0.95x � 0.05, r � 0.96, bias � 2.9%, SD � 4.6%). None
of the measured indices of systolic and diastolic func-
tion were significantly different between the automated
and the reference technique (Table 1).

Figure 5 shows an example of LV volume–time curves
obtained in one patient by the conventional semiauto-
mated technique and with the automated boundary
detection. In the group of 20 patients, percent discor-
dance averaged 5.2 � 1.8%, reflecting the close point-
by-point agreement of the dynamic data obtained by the
two techniques.

Figure 6 shows an example of ES and ED images with
endocardial contours obtained in one patient using the

Table 1
Parameters of LV Systolic and Diastolic Function Obtained in the 20 Patients in Protocol 1 Derived From the Automated Analysis
Against Those Obtained Using the Reference Technique*

Reference
technique

Automated
analysis

r Bias � SD

t(ES) (%RR) 45.5 � 9.4 44.8 � 8.5 0.93 0.7 � 3.4
PER (EDV/RR) �11.6 � 5.2 �11.3 � 5.0 0.96 �0.3 � 1.5
t(PER) (%RR) 19.5 � 5.2 20.0 � 5.7 0.88 �0.5 � 2.7
PRFR (EDV/RR) 10.0 � 4.7 10.1 � 4.2 0.95 �0.1 � 1.5
PAFR (EDV/RR) 7.6 � 6.0 7.1 � 5.4 0.98 0.5 � 1.4
t(PRFR) (%RR) 62.0 � 12.8 61.0 � 12.5 0.98 1.0 � 2.4
t(PAFR) (%RR) 90.0 � 3.6 89.6 � 3.4 0.89 0.4 � 1.7

*None of the indices were significantly different between the two techniques.
t(ES) � time to end-systole, PER � peak ejection rate, t(PER) � time to PER, PRFR � peak rapid filling rate, PAFR � peak atrial filling rate,
t(PRFR) � time to PRFR, t(PAFR) � time to PAFR, EDV � end-diastolic volume, RR � ECG RR interval.

Figure 5. Example of LV volume time curves obtained in one
patient by the conventional technique (Reference) and the au-
tomated endocardial border detection based on analysis of
statistical distribution of gray levels. Calculated percent dis-
cordance in this example was 2.5%.
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conventional semiautomated technique and the auto-
mated boundary detection, depicting the similarity be-
tween contours obtained using these two techniques. In
the group of 20 patients, the intertechnique discor-
dance in boundary position was 2.4 � 0.3 mm or 4.2 �
1.0% of the average contour radius (maximum �r in
individual patients: 3.1 � 0.8 mm), resulting in 7.83 �
5.97 cm2 or 9.2 � 3.2% nonoverlapping cavity areas.
The relative differences were found to be more pro-
nounced near the apex (Fig. 7), due to the smaller size of
the LV cavity in apical slices.

Figure 8 shows examples of volume–time curves ob-
tained in three patients enrolled in protocol 2. As ex-
pected, compared to the curve obtained in a patient

with normal systolic function, the curve obtained in a
patient with DCM is characterized by increased vol-
umes and reduced peak-to-peak relative volume
changes, i.e., reduced EF, as well as a decreased slope
of the ejection phase, reflecting a decrease in PER. Ta-
ble 2 presents the summary of indices of systolic LV
function calculated in this group of patients in compar-
ison with the normal group. Significant intergroup dif-
ferences were noted for EDV, ESV, EF, PER, t(ES), and
t(PER). In contrast, the curve obtained in a patient with
LVH depicts the expected differences in LV relaxation
pattern, compared to the normal subject, including a
decreased slope of the rapid filling phase characteristic
of impaired relaxation, as well as a relatively large pro-

Figure 6. Example of the endocardial
contours detected by the automated
technique (yellow) and the semiauto-
matically traced contours (green) in one
frame at end-systole and end-diastole,
from LV base (top left) to the apex (bot-
tom right). In this example, intertech-
nique discordance in boundary position
was 4.8% of the average contour radius,
resulting in 12.3% nonoverlapping cav-
ity areas.

Figure 7. Distance between the
two boundaries (�r, left) and dif-
ference between calculated cav-
ity areas (�S, right) at different
levels of the left ventricle from
base to apex (every 1% of the LV
length) averaged in 20 patients
(solid symbols represent mean
values and error bars represent
SD). Data shown both as abso-
lute values (top) and in percent
of the measured values (bot-
tom).
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portion of late LV filling, which reflects the increased
contribution of atrial contraction. Table 3 presents the
summary of indices of diastolic function calculated in
this group of patients and the subgroup of age-matched
normal controls. Significant intergroup differences
were found in all measured indices of diastolic function.

DISCUSSION

The role of MRI in the diagnosis of heart disease has
significantly expanded over the last few years, as mul-
tiple technological advances have resulted in faster im-
age acquisition suitable for simultaneous dynamic im-
aging of the heart in multiple planes. Today, this
modality provides multiplane dynamic images of the
beating heart with excellent spatial resolution and tem-
poral resolution of 30 phases per cardiac cycle, which is
comparable to what has been for many years the stan-
dard frame rate in 2D echocardiography. The combina-

tion of these features places CMR imaging as the ten-
tative “gold standard” for LV size and function, as
reflected by multiple publications in which it was used
as such to validate other noninvasive techniques (3–
12).

However, the dynamic nature of CMR imaging is
largely unutilized in the clinical assessment of LV func-
tion because of the lack of reliable algorithms for auto-
mated endocardial border detection. Only a few studies
used the dynamic information because of the compu-
tational complexity, which hampered their online im-
plementation (22). Our results demonstrated that the
commonly employed alternative of measuring EDV and
ESV only may indeed be inaccurate, since in the ma-
jority of patients it yielded different timing of ES when
LV volume was measured frame-by-frame throughout
the cardiac cycle. Of note, one might suggest that these
small differences are not clinically significant and that
they are below the error of most clinically used tech-
niques. However, in certain situations, such as referral
for cardiac resynchronization therapy, these small dif-
ferences may determine the choice of therapy in indi-
vidual patients, and therefore should not be underesti-
mated.

Furthermore, this conventional methodology fails to
provide important information on LV dynamics, such
as the rates of rapid and atrial LV filling or percent
filling at different phases of diastole, which have been
shown as valuable indices of diastolic function. In clin-
ical practice, the loss of this dynamic information,
caused by the lack of algorithms suitable for automated
endocardial border detection, is likely compensated for
by additional testing, such as Doppler echocardiogra-
phy, which readily provides this information. Thus, the
development of improved algorithms suitable for accu-
rate automated endocardial boundary detection from
CMR images has the potential to not only improve the
accuracy of the CMR evaluation of LV size and function,
but also result in savings by eliminating duplicate tests.

Accordingly, we sought to develop a technique suit-
able for automated endocardial boundary detection
from CMR images that would provide accurate dynamic
information on LV volume throughout the cardiac cycle.

Figure 8. Example of LV volume–time curves obtained in a
patient with normal LV function (NL), a patient with dilated
cardiomyopathy (DCM), and a patient with diastolic dysfunc-
tion secondary to LV hypertrophy (LVH), obtained using the
automated endocardial border detection technique.

Table 2
Parameters of LV Systolic Function Obtained in a Group of
Normal Subjects and a Group of Patients With Dilated
Cardiomyopathy Obtained Using the Automated Technique

NL
(N � 14)

DCM
(N � 12)

EDV (mL) 159 � 47 244 � 103*
ESV (mL) 63 � 22 165 � 93*
EF (%) 61 � 5 36 � 11*
t(ES) (%RR) 38.8 � 5.0 50.6 � 7.8*
PER (EDV/RR) �2.7 � 0.5 �1.3 � 0.5*
t(PER) (%RR) 16.4 � 3.6 23.6 � 9.8*

*P � 0.05 by t-test between patients with systolic dysfunction and NL
controls.
NL � normal subjects, DCM � patients with dilated cardiomyopathy,
EDV � end-diastolic volume, ESV � end-systolic volume, EF �
ejection fraction, t(ES) � time to end-systole, PER � peak ejection
rate, t(PER) � time to PER.

Table 3
Parameters of LV Diastolic Function Obtained in a Group of
Patients With LV Hypertrophy and a Group of Age-Matched
Normal Controls Obtained Using the Automated Technique

NL
(N � 10)

LVH
(N � 10)

PRFR (EDV/RR) 2.3 � 0.3 1.6 � 0.4*
PAFR (EDV/RR) 0.9 � 0.7 1.9 � 0.9*
RFF (%) 78.2 � 9.4 63.8 � 12.4*
AFF (%) 21.8 � 9.4 36.1 � 12.3*
t(PRFR) (%RR) 54.3 � 5.0 63.3 � 5.5*
t(PAFR) (%RR) 88.3 � 3.9 91.9 � 1.8*

*P � 0.05 by paired t-test between patients with LVH and their
age-matched NL controls.
NL � normal controls, LVH � LV hypertrophy patients, PRFR �
peak rapid filling rate, PAFR � peak atrial filling rate, RFF � rapid
filling fraction, AFF � atrial filling fraction, t(PRFR) � time to PRFR,
t(PAFR) � time to PAFR.
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A majority of techniques described in the literature in
this context are based on the use of image intensity
gradients, and thus may not necessarily be ideally
suited for CMR images, because gradients in these im-
ages may not be strong enough to allow accurate endo-
cardial border detection and because the algorithms
may be dependent on image quality and the specific
pulse sequence used for imaging (23). There are differ-
ent types of algorithms for boundary detection from
CMR images, including approaches based on deform-
able models (24,25), active shape models (26,27), active
appearance models (28,29), and expectation maximiza-
tion method (30). However, these methods usually re-
quire extensive manual tracing for building the model
database or for the definition of the training set, thus
limiting their clinical application. In addition, the per-
formance of these methods depends on how represen-
tative the training set is. We recently described a tech-
nique representing a case of the minimal partition
problem that can be formulated and solved using the
level set method (31,32). This model allows detecting
objects with boundaries that are either not well defined
by a gradient or are very smooth, thus limiting the
usefulness of the classical active contour models. In
addition, our model can be applied to a variety of im-
ages once the statistical distribution of noise in the
image is known (21), with no need for a priori knowl-
edge of the shape of the objects to be detected. Impor-
tantly, only one parameter needs to be set in the model
and it allows choosing the maximum admissible
boundary curvature: the regularization term that de-
pends on this parameter and prevents the “rupture” of
the interface (33).

The major goal of this study was to validate the use of
this approach with CMR images against the standard
semiautomated methodology in a group of patients with
a wide range of LV function. The results of protocol 1
demonstrated that our technique indeed allows auto-
mated detection of LV endocardial boundaries without
the need for manual corrections, which are very similar
to boundaries manually drawn by an expert observer.
The close agreement between boundary positions was
demonstrated by the low intertechnique discordance in
the average contour radius and the small nonoverlap-
ping cavity areas. The increasing relative errors near
the LV apex is not surprising in view of the decreasing
contour radius and the relatively poor endocardial def-
inition in apical short-axis slices as a result of partial
volume artifacts that are more pronounced at this level
of the ventricle. In addition, a small increase in the
nonoverlapping cavity areas was noticed at the LV base
due to the complex geometry of LV cavity in these slices.

Once validated against the conventional methodology
in a group of patients with a wide range of ventricular
performance, our approach was used to calculate a
variety of indices of systolic and diastolic function in
patients with known abnormalities in their ventricular
function. Our results confirmed that this approach pro-
vides high-quality data suitable for analysis of a variety
of quantitative indices of both systolic and diastolic
function, which were found sensitive enough to detect
the expected deviations from the normal patterns of LV
contraction and filling.

One limitation of our technique is that its perfor-
mance can be compromised in the presence of artifacts
in the CMR images, such as off-frequency tuning arti-
facts, which can be recognized during visual interpre-
tation. However, this limitation is not specific to our
technique but would likely affect any automated image
analysis technique. Accordingly, it is important to visu-
ally inspect the images to determine their suitability for
automated analysis.

Although our approach requires significant computa-
tion time (up to 15 minutes per patient) for endocardial
border detection, this limitation should be judged in the
relevant context and thus compared with the time re-
quired to obtain the same information using conven-
tional methodology, which in this study required up to
three times longer to obtain the same dynamic data,
and needless to say was significantly more involved
than initializing a single point inside the LV cavity. Even
EDV and ESV alone can rarely be obtained faster than
obtaining the complete dynamic information using our
automated technique. Moreover, analysis time of the
automated technique is likely to decrease further as
computational power of the available computer equip-
ment continues to increase, while the time of the con-
ventional technique, which is mainly based on user
interaction, is not likely to change.

In summary, the results of this study demonstrated
that the use of noise distribution rather than image
intensity gradients for CMR image segmentation is fea-
sible and allows fast, automated, frame-by-frame de-
tection of the LV endocardial boundaries. The detected
borders were close to those obtained by semiautomated
tracing and resulted in high levels of agreement in
cross-sectional LV cavity areas and calculated LV vol-
umes throughout the cardiac cycle. Our results indi-
cate that these dynamic volume data can be used clin-
ically as a basis for quantitative evaluation of patients
with either systolic or diastolic dysfunction.
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