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Abstract
Background: Estimates of regional left ventricular (LV) strains provide addi-
tional information to global function parameters such as ejection fraction (EF)
and global longitudinal strain (GLS) and are more sensitive in detecting abnor-
mal regional cardiac function. The accurate and reproducible assessment of
regional cardiac function has implications in the management of various cardiac
diseases such as heart failure, myocardial ischemia, and dyssynchrony.
Purpose: To develop a method that yields highly reproducible, high-resolution
estimates of regional endocardial strains from 4DCT images.
Methods: A method for estimating regional LV endocardial circumferential (𝜖cc)
and longitudinal (𝜖ll) strains from 4DCT was developed. Point clouds repre-
senting the LV endocardial surface were extracted for each time frame of the
cardiac cycle from 4DCT images.3D deformation fields across the cardiac cycle
were obtained by registering the end diastolic point cloud to each subsequent
point cloud in time across the cardiac cycle using a 3D point-set registration
technique. From these deformation fields, 𝜖cc and 𝜖ll were estimated over the
entire LV endocardial surface by fitting an affine transformation with maximum
likelihood estimation.The 4DCT-derived strains were compared with strains esti-
mated in the same subjects by cardiac magnetic resonance (CMR); twenty-four
subjects had CMR scans followed by 4DCT scans acquired within a few hours.
Regional LV circumferential and longitudinal strains were estimated from the
CMR images using a commercially available feature tracking software (cvi42).
Global circumferential strain (GCS) and global longitudinal strain (GLS) were
calculated as the mean of the regional strains across the entire LV for both
modalities. Pearson correlation coefficients and Bland-Altman analyses were
used for comparisons. Intraclass correlation coefficients (ICC) were used to
assess the inter- and intraobserver reproducibility of the 4DCT-derived strains.
Results: The 4DCT-derived regional strains correlated well with the CMR-
derived regional strains (𝜖cc: r = 0.76, p < 0.001; 𝜖ll: r = 0.64, p < 0.001). A very
strong correlation was found between 4DCT-derived GCS and 4DCT-derived
EF (r = −0.96; p < 0.001). The 4DCT-derived strains were also highly repro-
ducible, with very low inter- and intraobserver variability (intraclass correlation
coefficients in the range of [0.92, 0.99]).
Conclusions: We have developed a novel method to estimate high-resolution
regional LV endocardial circumferential and longitudinal strains from 4DCT
images. Except for the definition of the mitral valve and LV outflow tract planes,
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2 REGIONAL LV STRAIN FROM 4DCT

the method is completely user independent, thus yielding highly reproducible
estimates of endocardial strain. The 4DCT-derived strains correlated well with
those estimated using a commercial CMR feature tracking software.The promis-
ing results reported in this study highlight the potential utility of 4DCT in the
precise assessment of regional cardiac function for the management of cardiac
disease.
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1 INTRODUCTION

The accurate and reproducible assessment of regional
cardiac function has implications in the management
of various cardiac diseases such as heart failure,1

myocardial ischemia,2 and dyssynchrony.3 Regional left
ventricular (LV) strains provide essential information in
addition to ejection fraction (EF); they are more sensitive
measures for detecting abnormal cardiac function and
they can be earlier predictors of mortality and cardiac
events.4–6

Modern four-dimensional X-ray computed tomog-
raphy (4DCT) imaging systems can acquire full
three-dimensional (3D) images spanning the entire
superior-inferior extent of the heart across the entire
cardiac cycle from a single table position and within
a single heartbeat. Additionally, the images are
now acquired with low patient exposure to ioniz-
ing radiation7,8; new high-resolution detectors and
photon-counting computed tomography (CT) will lead
to further improvements.9 The images have high spatial
resolution,10 delineating the fine endocardial texture of
the LV comprising the papillary muscles and trabeculae
carneae11; these features can serve as fiducial markers
for 3D motion tracking.12,13 The temporal resolution of
4DCT is ∼65 ms for dual-source scanners and ∼140 ms
for single-source scanners; however, with effective
motion correction technologies, the temporal resolu-
tion of single-source scanners can be significantly
improved.14

While transthoracic echocardiography is the most
widely used cardiac imaging modality with excellent
temporal resolution and established disease diagnosis
guidelines,15 the recent advances in 4DCT imaging have
made it a promising tool to assess regional cardiac
function, especially as a low dose adjunct to excel-
lent coronary CT angiography (CCTA). CCTA is rapidly
becoming an important diagnostic method for patient
management and for assessing future risk of cardio-
vascular events.16 4DCT of cardiac function can be
simultaneously obtained in the same heartbeat as the
CCTA exam. Superb functional information from all
chambers is then available, and this would also elimi-
nate the need to separately image the patient with either
CMR or echocardiography for functional analysis. This

is the primary motivation to develop functional analysis
from 4DCT data.

Previous studies have used 4DCT to estimate
LV myocardial function.17–21 Lamash et al. used a
deformable LV model to estimate regional and global
myocardial strains from 3D velocity fields which were
extracted via a novel optical flow technique.17 The model
was then used to successfully differentiate between nor-
mal and abnormal myocardial segments in a cohort
of 93 subjects with cardiac 4DCT scans.20 Vach et al.
used 4DCT to estimate regional myocardial strain in
a cohort of 43 subjects with advanced cardiac valve
disease.21 A commercially available CT strain software
was used to derive highly reproducible estimates of
regional myocardial strain from the 4DCT images,which
were then compared with strain estimates derived from
transthoracic echocardiography. These studies have
convincingly demonstrated the potential utility of 4DCT
for the routine clinical evaluation of regional myocar-
dial function; however, they estimate myocardial strain
by employing the use of smooth endocardial and epi-
cardial contours,which can lead to erroneous estimates.
Therefore, we sought to develop a method to estimate
regional endocardial strains that is free from contouring
by leveraging the region of the cardiac 4DCT images
with maximum contrast: the boundary between the
myocardium and the LV blood pool.

We have previously estimated endocardial regional
shortening (RSCT) from 4DCT images,12,22 which is sim-
ilar to local strain, but it does not distinguish between
circumferential and longitudinal strains. RSCT is very
reproducible and has been validated using in silico
phantom experiments13 and cardiac magnetic reso-
nance (CMR) tagging in canine hearts.23 Additionally,
RSCT maps have been used to characterize the region-
ally heterogenous effects of mitral regurgitation and
transcatheter mitral valve implantation (TMVI) on LV
function.24 RSCT is very stable and robust, as it esti-
mates shortening independent of the cardiac coordinate
system.

In this work, we develop a novel technique that
measures two directional endocardial cardiac strains:
circumferential strain 𝜖CT

cc and longitudinal strain 𝜖CT
ll .

These strains have prognostic value in patients with spe-
cific cardiac diseases.25 Additionally, we compare the
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4DCT-derived regional endocardial strains with those
estimated using a commercial CMR feature tracking
software (cvi42) in 24 subjects who had both 4DCT and
CMR scans acquired a few hours apart.

2 METHODS

2.1 Subjects

Twenty-four consecutive subjects with full cardiac cycle
and full LV volume retrospective ECG-gated CT angiog-
raphy (CTA) and CMR exams were used in this study.All
subjects were scanned under IRB approved protocols
at the U.S. National Institutes of Health (NIH), Bethesda,
Maryland. These subjects were enrolled in a study to
evaluate coronary artery disease (CAD) characterized
by CTA and to evaluate valve and aortic disease using
CMR.

2.2 Image acquisition

2.2.1 4DCT

Single-heartbeat, tube current modulated, retrospective
ECG-gated CTA images were acquired from a single
table position during an inspiratory breath-hold on a
320 detector-row scanner (Aquilion ONE, Canon Med-
ical Systems, Otawara, Japan). The gantry rotation time
was 275 ms. LV blood pool contrast enhancement was
achieved by injecting a nonionic radiocontrast agent
(Isovue 370, Bracco Diagnostics, Princeton, NJ) at the
rate of 5 ml/s via a triphasic protocol comprising 49 ml
of contrast agent followed by a 20 ml mixture of 30%
contrast agent and 70% saline, followed by 50 mL of
saline. Bolus tracking (SureStart, Canon Medical Sys-
tems, Otawara, Japan) was started in the descending
aorta 16 s after contrast injection and entire heart vol-
ume imaging was triggered within 1 second of reaching
a threshold of 400 HU in the descending aorta. Each
acquisition was dose modulated with the X-ray tube cur-
rent at maximum only during diastasis and at 20% of
the maximum at all other time points through the single
R–R interval, resulting in a dose reduction of 50–75%
compared with full retrospective scanning. The diasta-
sis tube currents applied were in the range of [210,
820] mA (n = 19; median: 420 mA; interquartile range:
173 mA) at 100 kVp and 750 mA at 120 kVp (n = 6).
Images were reconstructed using the Cardiac FC03
kernel into 512 × 512 × 320 grids, with in-plane pixel
spacings of 0.4 mm in the x–y directions and slice thick-
nesses of 0.5 mm in z. The mean contrast-to-noise ratio
(CNR) between the LV blood pool and the myocardium
was 10.1 ± 3.1. Figure 1 shows multiplanar reconstruc-
tion (MPR) views of a 4DCT acquisition in one of the
subjects.

2.2.2 CMR

Cine CMR images were acquired using a 1.5T scan-
ner (MAGNETOM Aera, Siemens Healthineers, Erlan-
gen, Germany). Three long-axis planes (2-chamber,
4-chamber, and parasternal) and nine evenly spaced
short-axis planes from base to apex were acquired
with an ECG-triggered, fast imaging with steady-state
precession (TrueFISP, Siemens Healthineers, Erlangen,
Germany) protocol. The slice thicknesses were in the
range of [6, 8] mm. Figure 2 shows the CMR-acquired
planes for the same subject shown in Figure 1.

2.3 Regional strain estimation

2.3.1 4DCT-derived regional endocardial
strain

Each time frame of the LV blood pool in a 4DCT
dataset was segmented using the active contour region
growing module of ITK-SNAP v3.6.2.26 The highly
automated segmentation procedure has been previ-
ously described in detail.24 A point cloud defining the
endocardial surface was extracted from each seg-
mented LV blood pool volume. A nonrigid point-set
registration technique27 was used to register the end
diastolic point cloud (template point cloud) to subse-
quent point clouds (target point clouds) segmented from
other time frames of the cardiac cycle. The registra-
tion algorithm estimates a smooth 3D displacement
field mapping the template point cloud to each tar-
get point cloud; using these estimated displacement
fields, the points in the template point cloud are then
warped into specific poses to create the best repre-
sentations of the target point clouds. Since there is a
1:1 correspondence between the template point cloud
and the deformed point clouds representing the tar-
gets, regional strains can be directly computed. This is
equivalent to “point tracking” of a set of endocardial
material points. Figure 3a summarizes the procedure
outlined above. This method of obtaining 3D endocar-
dial displacement fields has been described in detail
previously.13,22,24

Figure 3b shows the new method of deriving endo-
cardial strains from the 3D displacement fields. Fifteen
percent of the total number of points in the end diastolic
point cloud were randomly selected to serve as cen-
ters of endocardial patches p of radii 7.5 mm each to
uniformly sample the entire endocardial surface. This
7.5-mm radius matched the optimal spatial resolution
of the 3D point set registration technique for detecting
regional wall motion abnormalities with high accuracy.13

A normal sized human LV has ∼4000 points in its end
diastolic point cloud; thus, ∼600 patch centers were
selected to sample the entire LV endocardial surface.
The displacement of a point within a patch p was then
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F IGURE 1 MPR views of a 4DCT acquisition. (a) 2-chamber view. (b) 4-chamber view. (c) Parasternal view. (d) Short-axis basal plane. (e)
Short-axis mid plane. (f) Short-axis apical plane.
Abbreviation: MPR, multi-planar reconstruction

F IGURE 2 Planes acquired during a CMR scan (same subject as Figure 1) (a) 2-chamber view. (b) 4-chamber view. (c) Parasternal view. (d)
Short-axis basal plane. (e) Short-axis mid plane. (f) Short-axis apical plane.
Abbreviation: CMR, cardiac magnetic resonance.

modeled as an affine transformation according to the
equation:

y = A(p) x + b(p)
+ 𝜂

(
𝜎(p)

)
, (1)

where A is the 3 × 3 affine transformation matrix, b
is the translation vector, and y is the new displaced
position of point x within patch p. A residual term, 𝜂,
is included in the motion model to account for noise.
It was assumed that the residual term is normally
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F IGURE 3 Estimation of regional LV endocardial strain from 3D displacement fields derived from 4DCT images. (a) 3D displacement fields
are derived from 4DCT images in 3 steps: (1) segmentation of the LV blood pool for all time frames across the cardiac cycle in the 4DCT
dataset, (2) extraction of a point-cloud defining the endocardial surface from each segmented LV image, and (3) nonrigid registration of the end
diastolic point cloud to subsequent point clouds across the cardiac cycle. (b) Regional endocardial strain is estimated from the displacement
fields by sampling the endocardial surface in patches of radius 7.5 mm. The deformation of each patch, p, is modeled as an affine
transformation and maximum likelihood estimation is used to fit the motion model. The affine transformation matrix, A(p), is used to calculate the
strain tensor, E(p), which is then rotated into cardiac coordinates to obtain longitudinal (𝜖CT

ll ) and circumferential (𝜖CT
cc ) strains.

Abbreviation: LV, left ventricle.

distributed and governed by the standard deviation 𝜎

which is also computed in the algorithm. Maximum like-
lihood estimation was used to solve for the unknown
parameters A, b, and 𝜎 for each patch p. The 3D strain
tensor was then estimated according to the following
equation:

E(p)
=

1
2

(
A(p)′A(p)

− I
)

, (2)

where E(p) is the Green-Lagrangian strain tensor for a
patch p and I is the identity matrix.E(p) was then rotated
into the cardiac frame of reference to obtain the longitu-
dinal and circumferential strain components, as shown
in Figure 3b. The regional endocardial strains sampled
at the ∼600 patch locations were linearly interpolated
to all other points in the point cloud defining the endo-
cardial surface. In order to compare with CMR derived
strains, regional circumferential (𝜖CT

cc ) and regional lon-
gitudinal (𝜖CT

ll ) strains were calculated for the standard
AHA 16 segment model of the LV.28 Global circum-
ferential strain (GCSCT ) and global longitudinal strain
(GLSCT ) of the endocardium were calculated as the
average of the end systolic strains across all 16 AHA
segments.

2.3.2 CMR-derived regional myocardial
strain

Regional LV strain estimates were derived from the CMR
images using a commercial feature tracking strain esti-
mation software (cvi42, Circle Cardiovascular Imaging
Inc., Calgary, Canada). cvi42 estimates both 2D and 3D
strains; for this study, only the 3D strains were recorded
to facilitate a direct comparison with the 4DCT-derived
regional endocardial strains. The first image after the
ECG trigger of the CMR series was set as end dias-
tole; end systole was set as the phase with minimum LV
volume. The endocardial and epicardial contours were
automatically detected by the software.For the 3D strain
analysis, the detected endo- and epicardial contours
were interpolated in both the short- and long-axis views
to create a deformable 3D model of the myocardium.
The 3D strain estimation procedure using cvi42 has
been described in detail previously.29,30 Figure 4a shows
the mesh representations of the output of the feature
tracking method overlaid onto the short-axis mid plane,
the 2-chamber,the 4-chamber,and the parasternal views
for the end diastolic and end systolic frames in a subject.

The estimates of regional strain from cvi42 were com-
puted as the average strain in each myocardial segment
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F IGURE 4 Estimation of LV myocardial strain with cvi42. (a) Automated detection of endocardial and epicardial contours defining a mesh
model of the LV myocardium at both end diastole (left column) and end systole (right column) for four different imaging planes. (b) Regional
myocardial strains mapped onto smooth 3D renderings of the endocardial surfaces at three time points of the cardiac cycle.
Abbreviations: 𝜖MR

cc , CMR-derived regional circumferential strain; 𝜖MR
ll , CMR-derived regional longitudinal strain; LV, left ventricle.

of the standard AHA 16 segment model of the LV,28

not the endocardial strain. Both regional circumferen-
tial (𝜖MR

cc ) and regional longitudinal (𝜖MR
ll ) strains were

recorded. Global circumferential (GCSMR) and global
longitudinal (GLSMR) strains were calculated as the
mean of the end systolic regional strain values across all
16 AHA segments. Figure 4b shows the circumferential
and longitudinal strain values estimated using cvi42 at
early systole, mid systole, and end systole mapped onto
a smooth representation of the endocardial surface.

2.4 Statistical analysis

Bland-Altman and correlation plots were used to
describe the relationship between the 4DCT- and the
CMR-derived regional strains. Regional strains at three
time points during systole (early, mid, and end systole)
were compared, ensuring that a broad dynamic range
of strain values were included. Additionally, GCS and
GLS derived from both the 4DCT and the CMR images
were plotted against the corresponding left ventricular
ejection fractions (LVEFs) for each modality. Lastly, the
relationship between the 4DCT- and CMR-derived end
diastolic (EDV) and end systolic (ESV) volumes was also
investigated. Linear models were used to describe each
of the above relationships, and a p-value < 0.05 was
considered significant for the correlation coefficient.

2.5 Reproducibility analysis

The reproducibility of the proposed 4DCT-derived
strain estimation method was investigated using two

observers; both observers (1 and 2) were PhD Can-
didates in engineering, and each had 7 years of
experience in analyzing cardiac images. Ten subjects
were randomly selected from the cohort of 24 subjects
used in the study. For each of the 10 subjects, the LV
blood pool was segmented from the end diastolic and
the end systolic time frames (as described in Sec.2.3.1)
by both observers independently. To investigate the
intraobserver reproducibility, observer 1 performed the
segmentations for a second time; the two rounds of
segmentations were separated by 10 days. Intraclass
correlation coefficients (ICC) were then calculated for
both end systolic regional (𝜖CT

cc and 𝜖CT
ll ) and end sys-

tolic global (GCSCT and GLSCT ) strain estimates for all
10 subjects using a two-way absolute agreement model.
Based on the ICC, the reproducibility was categorized
as either poor (ICC ≤ 0.5), good (0.5 < ICC ≤ 0.75),
or excellent (ICC > 0.75). Additionally, the range of
EDV and ESV between the three rounds of segmenta-
tions (two by observer 1 and one by observer 2) was
determined for all 10 subjects.

3 RESULTS

3.1 Subjects

Of the 24 subjects used in the study, eight were female
(33%). The average age of the subjects was 55 ± 14
years. The mean CT-derived EF was 69 ± 8%, and no
subject was diagnosed with either heart failure, myocar-
dial infarction, nor atrial fibrillation. One subject was
diagnosed with obstructive coronary artery disease.The
mean CT dose index-volume (CTDIvol) was 16.6 ± 11.5
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TABLE 1 Subject characteristics

N 24

Age (years) 55 ± 14

Female (%) 8 (33)

Body mass index (kg/m2), [max. value] 27.9 ± 4.3 [35.3]

4DCT-derived EF (%) 69 ± 8

Time between CMR and CT scans (h) 4.1 ± 1.5

Obstructive coronary artery disease (%) 1 (4)

Atrial fibrillation (%) 0 (0)

Mild/moderate aortic stenosis (%) 5 (21)

Bioprosthetic aortic valve (%) 3 (13)

Myocardial infarction (%) 0 (0)

Diabetes mellitus (%) 1 (4)

Congestive heart failure (%) 0 (0)

Smoker (%) 7 (29)

Hyperlipidemia (%) 15 (63)

Hypertension (%) 11 (46)

CTDIvol (mGy) 16.6 ± 11.5

DLP (mGy × cm) 198.4 ± 134.6

Abbreviations: CMR, cardiac magnetic resonance; CT, computed tomography;
CTDIvol, CT dose index-volume; DLP, dose length product; EF, ejection fraction.

mGy, and the mean dose length product (DLP) was
198.4 mGy × cm ± 134.6 mGy × cm. Table 1 lists the
subject characteristics.

3.2 4DCT- and CMR-derived regional
strains

The proposed 4DCT analysis method yields high-
resolution estimates of regional endocardial strains.
Figure 5 shows 3D renderings of the LV endocardial
surface for a subject at six phases of the cardiac
cycle with 4DCT-derived regional circumferential (𝜀CT

cc ;
Figure 5a) and regional longitudinal (𝜀CT

ll ; Figure 5b)
strains mapped onto the endocardium. Blue represents
contraction and yellow represents stretch.

Figure 6 shows the relationship between the
4DCT-derived and the CMR-derived regional strains.
Figures 6a,b show the relationship between 𝜖CT

cc and
𝜖MR
cc and Figures 6c,d show the relationship between
𝜖CT
ll and 𝜖MR

ll . The regional circumferential strains were
strongly correlated with a correlation coefficient of 0.76
(p < 0.001), while the regional longitudinal strains were
moderately correlated with a correlation coefficient of
0.64 (p < 0.001). The slopes of the linear fits between
the 4DCT- and the CMR-derived regional strains
were 0.56 and 0.49 for 𝜖cc and 𝜖ll, respectively. The
Bland-Altman analysis revealed that the 𝜖CT

cc estimates
were biased with higher magnitude by 6.3%, while the
𝜖CT
ll estimates were biased with higher magnitude by

2.8%.

Additionally, Figure 7 shows the relationship between
GCS and EF, and GLS and EF for each modality.
Figures 7a,b show the relationship between GCSCT
and GLSCT with 4DCT-derived EF (EFCT ), while
Figures 7c,d show the relationship between GCSMR and
GLSMR with CMR-derived EF (EFMR). All global strains
were moderately correlated with EF, except for GCSCT
which was very strongly correlated with EFCT (r=−0.96;
p < 0.001).

Figure 8 shows the relationship between the 4DCT-
and CMR-derived EDV and ESV estimates for all 24
subjects used in the study. The volumes derived from
the two modalities were strongly correlated, with a Pear-
son correlation coefficient of 0.97. The CMR volumes
were derived from myocardial contours,while the CT vol-
umes were computed by simply counting the voxels of
the segmented LV blood volume. Larger dilated hearts
had more blood volume above the LV outflow tract—this
volume was cut off with standard contouring tools used
in CMR. Also, smooth CMR contours drawn on the end
systolic frames included significant trabecular tissue and
papillary muscles within the LV volume, leading to larger
ESVs for CMR.

3.3 Reproducibility analysis

Results from the inter- and intraobserver reproducibil-
ity analysis are provided in Table 2. All 4DCT-derived
regional and global strain estimates were highly repro-
ducible, with ICCs in the range of [0.92, 0.99] for
interobserver variability and [0.96, 0.99] for intraob-
server variability. The range of differences in EDV and
ESV between the three independent rounds of seg-
mentations over all 10 subjects was 2.2 ± 1.7 ml (max.
difference: 5.5 ml) and 1.4 ± 0.7 ml (max. difference:
2.7 ml), respectively. The mean EDV and ESV for the
10 subjects were 114 ± 27 ml and 37 ± 16 ml; thus,
the range in estimated LV volumes between the three
rounds of segmentations represents a 2% and a 4%
variability in EDV and ESV, respectively.

4 DISCUSSION

The paper describes a method to compute highly repro-
ducible, high-resolution endocardial strain estimates
from clinical 4DCT images. The method was tested on a
cohort of 24 consecutive subjects that underwent both
4DCT and CMR exams within a few hours of each other.
The 4DCT-derived regional endocardial strains corre-
lated well with those derived using a commercial CMR
feature tracking strain estimation software. The main
findings reveal the potential utility of 4DCT in obtaining
highly reproducible, high-resolution endocardial strain
estimates that may be obtained simultaneously from the
same acquisition as coronary CTA (CCTA) with small
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F IGURE 5 High-resolution maps of 4DCT-derived regional endocardial strains in an example subject. (a) 𝜖CT
cc values mapped onto the

endocardial surface. (b) 𝜖CT
ll values mapped onto the endocardial surface. All views are of the 3D endocardial lateral wall, with the anterior wall

to the left and the inferior wall to the right. Blue represents contraction and yellow represents stretch.
Abbreviations: 𝜖CT

cc , 4DCT-derived regional circumferential strain; 𝜖CT
ll , 4DCT-derived regional longitudinal strain.

F IGURE 6 Relationship between 4DCT- and CMR-derived regional LV strains. (a–b) Relationship between 𝜖CT
cc and 𝜖MR

cc using (a) direct
comparison and (b) Bland-Altman analysis. (c–d) Relationship between 𝜖CT

ll and 𝜖MR
ll using (c) direct comparison and (d) Bland-Altman analysis.

Abbreviations: 𝜖CT
cc , 4DCT-derived regional circumferential strain; 𝜖MR

cc , CMR-derived regional circumferential strain; 𝜖CT
ll , 4DCT-derived regional

longitudinal strain; 𝜖MR
ll , CMR-derived regional longitudinal strain.
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F IGURE 7 Relationship between 4DCT- and CMR-derived GCS and GLS with EF. (a–b) Relationship between EFCT and (a) GCSCT and
(b) GLSCT . (c–d) Relationship between EFMR and (c) GCSMR and (d) GLSMR.
Abbreviations: EFCT, 4DCT − derived ejection fraction; EFMR, CMR − derived ejection fraction; GCSCT, 4DCT-derived global circumferential
strain; GLSCT , 4DCT-derived global longitudinal strain; GCSMR, CMR-derived global circumferential strain; GLSMR, CMR-derived global
longitudinal strain.

TABLE 2 Inter- and intraobserver reproducibility for end systolic regional and global strains

Strain estimate
Interobserver
reproducibilityICC (95% CI)

Intraobserver
reproducibilityICC (95% CI)

𝜖CT
cc 0.95 (0.93–0.96) 0.99 (0.98–0.99)

𝜖CT
ll 0.92 (0.89–0.94) 0.96 (0.95–0.97)

GCSCT 0.99 (0.97–1) 0.99 (0.99–1)

GLSCT 0.96 (0.84–0.99) 0.97 (0.88–0.99)

Abbreviations: CI, confidence interval; GCSCT , 4DCT-derived global circumferential strain; GLSCT , 4DCT-derived global longitudinal strain; ICC, intraclass correlation
coefficient; 𝜖CT

ll , 4DCT-derived regional longitudinal strain; 𝜖CT
cc , 4DCT-derived regional circumferential strain.

additional X-ray dose.In this study,the average dose was
2.8 mSv.The time frames away from the diastolic full mA
views were at 20% of the full mA; from this, we can infer
that approximately 50% of the total dose comes from the
narrow diastolic R–R region used to obtain the CCTA,
and 50% of the dose is used to map the temporal evolu-
tion of strain. If only end systolic strain was needed, the
additional dose would be approximately 20% of an even
lower total dose of 1.7mSv.

While the 4DCT- and CMR-derived strain estimates
were strongly correlated, it is important to note that
the two methods measure different strain quantities.
The 4DCT method developed in this work estimates
LV strains precisely on the endocardial surface, while
the commercial CMR feature tracking method estimates

the average strain averaged over each myocardial seg-
ment; therefore, the comparison made was between
endocardial and “mid-wall”strains, respectively (Sec.4.2
provides further information describing the quantitative
relationship between endocardial and mid-wall strains).
Additionally, the underlying methods of strain compu-
tation between the 4DCT and CMR methods were
different. The 4DCT method extracts high-resolution
point clouds delineating the textured endocardial sur-
face for each pose of the LV and registers these point
clouds across time using a nonrigid registration algo-
rithm to derive 3D deformation fields across the cardiac
cycle.The CMR feature tracking method interpolates the
smooth endo- and epicardial contours detected in the
2D short- and long-axis CMR images at end diastole to
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F IGURE 8 Relationship between 4DCT- and CMR-derived EDV
and ESV estimates for all 24 subjects. EDV estimates are shown by
the “+” symbol, while ESV are shown by “o.”
Abbreviations : EDV, end diastolic volume; ESV, end systolic volume;
VolumeCT, 4DCT-derived volume; VolumeCMR, CMR-derived volume.

form a deformable 3D model of the LV myocardium. A
set of nodes are then mathematically placed at the mid-
wall halfway between the detected endo- and epicardial
boundaries, and an incompressible deformation model
is fit to derive 3D displacement fields. The CMR strain
estimation algorithm has been previously described in
detail.29,31,32

4.1 4DCT-derived regional LV
endocardial strain estimation

The developed method uses patches of radius 7.5 mm
to sample the endocardial surface for strain estimation;
the patches are densely sampled across the entire LV
surface yielding high-resolution estimates of regional
endocardial strains. The spatial resolution limit of the
point-set registration technique utilized in this current
work was previously investigated in the context of
detecting regional wall motion abnormalities (WMA)13

with RSCT. It was reported that the size threshold for
detection of WMA was between 14 mm and 19 mm in
diameter; therefore, we expect the spatial resolution of
the proposed strain estimation method to be similar.

We previously developed RSCT, which is a 4DCT-
derived metric that estimates regional endocardial
shortening.12,22 RSCT has been shown to be highly
reproducible,24 and has been validated using phan-
tom experiments13 and against CMR tagging in canine
hearts.23 RSCT is very robust as it estimates endocardial
shortening independent of the cardiac coordinate sys-
tem. The method developed in this study compliments
RSCT in providing directional estimates of regional and
global endocardial strains. Directional cardiac strains

have been shown to have prognostic value in patients
with specific cardiac diseases,33–36 thus developing a
comprehensive analysis pipeline for the estimation of
regional directional endocardial strains from 4DCT was
an unmet clinical need.

Additionally, the method is fully automated, except for
the definition of the mitral valve and the LV outflow
tract planes. The reproducibility of the segmentation
procedure has been shown to be very high, both in
this study and in a previous study.24 With the rapid
advancements made in the field of deep learning car-
diac segmentation, we expect the method to be fully
automated very soon.37 In particular, we have been suc-
cessful at automating the position of the mitral valve
plane.38 The high reproducibility of both LV strains
and volumes helps solve a long-standing shortcoming
of nonreproducible quantitative function measurements
from echocardiography.39–41

We anticipate the performance of the developed
4DCT strain estimation method to improve with higher
resolution, motion-corrected data14 subjected to new
deep learning networks for segmentation or direct strain
estimation. Examination of the dependence of accu-
racy on dose will also permit the establishment of the
minimum required dose for robust strain estimates. The
developed method was applied to routinely acquired
low-dose clinical CTA images, highlighting the appli-
cability of the proposed method using these relatively
“noisy” images. Additionally, the 24 subjects used in
this study had relatively high BMIs, which also reduced
image quality. Future studies will investigate the thresh-
old for dose reduction that will permit the accurate
and reproducible estimation of regional endocardial
strains.

4.2 Relationship between mid-wall and
endocardial LV strains

Significant effort has been focused on developing CMR
feature tracking as a method to estimate global and
regional myocardial function.42 In particular, the com-
mercial feature tracking software used in this study
(cvi42) has been shown to yield highly reproducible
estimates of 3D LV strain29 and has been used exten-
sively to quantify myocardial strain.30,43 The relationship
between the 4DCT- and CMR-derived regional strains
shown in Figure 6 confirmed that the proposed 4DCT
method yields strains that are larger in magnitude. This
relationship was expected because the 4DCT method
estimates endocardial strain, whereas the CMR fea-
ture tracking method estimates the average myocardial
strain within each AHA segment (similar to “mid-wall”
strain). Equation (3) describes the simple relation-
ship between mid-wall and endocardial circumferential
strains for a pair of concentric circles, when the endo-
cardial circle moves inward and the epicardial circle
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F IGURE 9 Graphical representation of a mid-cavity LV short
axis slice. The grey region represents the myocardium, and the inner
and outer circles represent the endocardium and the epicardium,
respectively. r is the endocardial radius (LV internal radius), R is the
epicardial radius, and 𝛿 = R − r is the myocardial wall thickness

remains fixed during systole:

𝜖ccmid
= 𝜖ccendo

∗
( r

r + R

)
, (3)

where 𝜖ccmid
is the mid-wall circumferential strain, 𝜖ccendo

is the endocardial circumferential strain, and r and R
are the endocardial and epicardial radii at end dias-
tole, respectively as shown in Figure 9. Equation (3)
corresponds to the y = m × x + c linear model used
to fit the data between the 4DCT- and CMR-derived
regional strains in Figure 6, where m ≡

r

r+R
, y ≡ 𝜖ccmid

,
and x ≡ 𝜖ccendo

. For the 24 cases used in this study, the
average mid-cavity LV internal diameter was 46 mm,
and the average wall thickness was 7 mm; therefore,
using this very simple model r

r+R
= 0.43, which is con-

sistent with the measured value of 0.56 in Figure 6a.
The theoretical model described above is not intended
to be an accurate model to predict mid-wall from endo-
cardial circumferential strains in human LVs (e.g., the
assumption that the epicardium remains fixed is obvi-
ously too simple) but provides a simple understanding
of their approximate relationship. The r

r+R
parameter

is dependent on the endocardial and epicardial radii,
which differ not only between subjects but also between
the apex and base; however, the simple model shows
that the mid-wall strain will be significantly lower in
magnitude from the strain on the endocardium. Addi-
tionally, the slopes of the linear fits in Figure 7a,c
also support our result of the 4DCT- and CMR-derived
regional strains not being related by a slope of 1;
while GCSCT was related to EFCT with a slope of

−0.59, GCSMR was related to EFMR with a signifi-
cantly lower slope of -0.25,highlighting that the mid-wall
and endocardial strains scale differently with global LV
function. It is also clear from Figure 7 that 4DCT pro-
vides much higher EF values than CMR; this offset is
due to “counting blood pool voxels” in 4DCT images
to measure LV chamber volume instead of calculating
the volume contained within smooth endocardial con-
tours on CMR; the endocardial contours from CMR are
notoriously hard to reproduce.44 The high reproducibil-
ity of the 4DCT blood pool volumes is a significant
strength of the 4DCT method for evaluating cardiac
function.

4.3 Comparison with other 4DCT strain
estimation methods

Previous studies have used 4DCT to estimate regional
LV strain17–21; however, these studies are based on
smooth contours that represent the endocardium and
the epicardium. The new method proposed in this work
takes advantage of the region within the CT image vol-
ume with the greatest contrast and quantity of fiducial
markers: the boundary between the endocardium and
the contrast-enhanced blood pool.Extraction of the spa-
tially detailed blood pool boundary (vs.smooth contours)
from 4DCT images and the estimation of local endocar-
dial deformation from points on that endocardial bound-
ary have been shown to be highly reproducible.22,24,45

Manual guidance for the segmentation of epicardial
and endocardial contours has long been a source of
error and variability44; simple thresholding of the LV
blood pool using a reproducible threshold (like Otsu’s
method46) to define the endocardial surface alleviates
this problem.

4.4 Significance of LV endocardial
strain estimation

Previous studies have shown that endocardial function
is more significantly affected than mid-wall or whole
AHA segment myocardial function in acute ischemia47

and nontransmural infarction,48 highlighting the poten-
tial benefit of the accurate and reproducible estimation
of regional endocardial function.The method developed
in this study yields strains that are on the absolute endo-
cardial boundary; thus, there is a very strong correlation
between GCS and LVEF as shown in Figure 7a. The
GCS strain estimates are closely tied to the global func-
tion of the LV as indicated by LVEF. Endocardial strain
estimation also provides us with a larger dynamic range
over which we can measure more subtle differences in
regional LV function between pre- and post-therapy (e.g.,
TMVI24).
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4.5 Advantages of 4DCT

While other modalities such as CMR and echocar-
diography do not use ionizing radiation, the superior
resolution and reproducibility of low-dose 4DCT offer
significant advantages over other modalities in the esti-
mation of regional cardiac function, especially with
the recent developments in low-dose imaging. Mod-
ern 4DCT systems now yield images of full heart
function acquired within a single heartbeat; this is espe-
cially useful when imaging patients with arrhythmias.
Motion correction technologies have also significantly
improved the temporal resolution of 4DCT, enabling the
accurate and precise estimation of the timing of LV
mechanics.49 Additionally, significant effort has been
focused on reducing the radiation dose from cardiac CT
images. From dose surveys obtained in 2007 and 2017,
it was reported that the dose received from CT angiogra-
phy images was reduced by 78%.50 Clinical cardiac CT
images are now acquired with radiation doses between
[0.5 4] mSv,7,8 which is comparable to the annual radia-
tion dose received from natural sources.51 Additionally,
we can expect the dose to be lowered further with
the advent of photon-counting detectors, more power-
ful X-ray generators at low kVp, and the use of deep
learning.52

4.6 Limitations

This study uses 24 subjects with both 4DCT and CMR
scans acquired just a few hours apart which is a rare
dataset, facilitating a direct comparison of strain esti-
mates between two methods in the same subjects.While
the 4DCT- and CMR-derived regional strains correlated
well, future studies should investigate the relationship
between the two methods in a larger cohort of subjects.

Despite this dataset having many favorable charac-
teristics, any comparisons between imaging modalities
have obvious limitations: (1) the 4DCT-derived strain
values were estimated on the endocardial surface,
while the CMR-derived strain values were measured as
the average strain within the relatively large individual
AHA myocardial segments, (2) the 4DCT images were
acquired upon inspiration within one heartbeat whereas
the CMR images were acquired during 12 independent
breath-holds, at end expiration by acquiring data over
8–10 heartbeats, (3) while the CMR scans were always
acquired first, the ∼4 h delay between CMR and CT
could have led to differences in cardiovascular loading
conditions, and lastly (4) the 4DCT scans were acquired
usually after the administration of metoprolol and nitro-
glycerin to optimize CCTA image quality. Due to these
unavoidable factors, perfect agreement between the
two modalities is not expected; however, most compar-
ative studies are subject to even longer delays between
exams.

The proposed 4DCT based strain method does not
require contouring the endocardium and epicardium;
thus,we found highly reproducible estimates of regional
endocardial strains. While the lack of epicardial con-
tours prevents the estimation of radial strain, new deep
learning techniques for achieving consistent segmen-
tation of the epicardium will soon make this possible.
Additionally, as is the case with all techniques that
depend on an estimate of the location of the endo-
cardial wall, our 4DCT strain map has “blind spots”
at the papillary muscle insertion and requires inter-
polation from the surrounding nonpapillary muscle
tissue.

5 CONCLUSIONS

A method to obtain high resolution estimates of regional
LV endocardial circumferential and longitudinal strains
from 4DCT images was developed. The method was
applied on low-dose clinical 4DCT images acquired
within a single heartbeat. The method was highly
reproducible and yielded regional endocardial strain
estimates that correlated well with segmental strain
estimates obtained from CMR feature tracking. The
encouraging results reported in this study highlight
the potential utility of 4DCT in regional cardiac func-
tion assessment for the diagnosis and management of
cardiac diseases.
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