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Abstract

We assessed CT-derived left ventricular strain in a cohort of patients referred for transcatheter aortic valve implantation
(TAVI) and validated it against 2 dimensional speckle tracking echocardiography as the gold standard. 65 consecutive patients
with symptomatic aortic valve stenosis referred for CT imaging prior to TAVI were included in this analysis. For all patients,
retrospectively ECG-gated multi-phase functional CT data sets acquired with identical reconstruction parameters were avail-
able. All data sets were acquired using a third generation dual source system. In all patients, multiphase reconstructions
in increments of 10% of the cardiac cycle were rendered (slice thickness 0.75, increment 0.5 mm, medium smooth recon-
struction kernel) and transferred to a dedicated workstation (Ziostation2, Ziosoft Inc., Tokyo, Japan). Additional functional
reconstructions for dynamic assessment and quantification of strain were processed. Multiplanar reconstructions (MPR) of
the left ventricle similar to standard echocardiographic 4, 2 and apical 3 chamber views were rendered in CT. Similar to
echocardiographic longitudinal strain, the perimeter of the left ventricle was manually traced within the myocardium and
peak maximal shortening as a parameter representing longitudinal strain was calculated for each view and averaged to obtain
a marker for global longitudinal strain (CT perimeter-derived strain). Furthermore, for quantification of 3-dimensional strain,
endocardial and epicardial borders of myocardium were marked in six short axis views and peak maximum 3- dimensional
strain of the myocardium was calculated in standard six basal, six mid and four apical segments. 3-dimensional strain values
of the 16 standard segments as well as perimeter-derived strain values in the three standard windows were averaged to obtain
global strain. Echocardiography was performed in all patients before CT data acquisition. Digital loops were acquired from
three apical views (four-, two-, and three chamber views). For assessment of 2 dimensional global longitudinal strain (GLS),
recordings were processed with acoustic-tracking software allowing offline semiautomated speckle-based strain analyses.
The mean age of all 65 patients was 81 + 5 years. The mean echocardiographic ejection fraction and mean echocardiographic
GLS were 50 + 12% and —13.6 + 4.5%, respectively. The mean CT-derived peak 3-dimensional global strain and mean
peak strain derived by perimeter was 43.2 + 13.5% and —11.2 + 3.5%, respectively. Both CTderived global 3D-strain and
perimeter derived strain showed a significant correlation to GLS derived by echocardiography (r = —0.8, p < 0.0001 for 3D
strain and r = 0.71, p < 0.0001 for perimeter-derived strain). Bland-Altman analysis showed a systematic underestimation (i.
e. worse strain values) of CT perimeter-derived strain compared to GLS by echocardiography (mean difference —2.4% with
95% limits of agreement between 4% to —9%). ROC Curve analysis assuming a normal GLS when less than —18% showed
that a CT-derived peak 3-dimensional global strain cut-off-value of 45% has a sensitivity of 91% and a specificity of 60% for
detecting normal left ventricular strain (AUC 0.81, p = 0.001). For CT perimeter-derived strain, a cut-off value of —12%—
assuming a normal echocardiographic GLS when less than —18%—achieved a sensitivity of 82% and a specificity of 61%
(AUC of 0.82, p = 0.001) for detecting abnormal left ventricular strain. Using dedicated software, assessment of CT-derived
left ventricular strain is feasible and comparable to strain derived by echocardiographic 2 dimensional speckle tracking.
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Introduction

Speckle tracking echocardiography is a well-established
tool for assessing myocardial deformation. Many reports
have demonstrated the usefulness of global longitudinal
strain measurements in various clinical settings—e.g.
determination of timing for mitral valve surgery in severe
regurgitation as well as prediction of cardiovascular events
and adverse outcomes in chronic heart failure patients.
[1-5].

Nevertheless, an important prerequisite for 2-dimen-
sional speckle tracking echocardiography is good image
quality. To determine global longitudinal strain, high-
quality acquisitions of apical four-, two- and three-cham-
ber views without foreshortening of the left ventricle are
necessary. An artifact-free ECG signal is required and
breathing artifacts need to be avoided. [6] Moreover,
acoustic shadowing, limited planes and patient-specific
conditions are—among others—reasons for insufficient
image quality especially in the elderly population. [7, 8]
In fact, in a cohort of 559 consecutive patients examined
by Benyounes et al. for the feasibility of strain imaging to
predict reduced left ventricular function in clinical rou-
tine, 9.1% of the transthoracic echocardiographic studies
were not suitable for strain analysis either due to impaired
image quality or to rhythm disturbances. [9].

ECG-gated CT angiography is an established diagnostic
tool for the evaluation of coronary artery disease. Multiple
studies have also shown its usefulness to determine cardiac
dimensions and left ventricular ejection fraction. [10].

Recently, several studies have reported the potential
assessment of left ventricular strain using cross-sectional
imaging modalities such as CT and magnetic resonance.
[11-13] So far, a head-to-head comparison of echocar-
diographic 2-dimensional longitudinal strain—the most
frequently used strain measure in clinical routine—with
CT derived strain has not been reported.

The aim of this study was to assess CT-derived left
ventricular strain in a cohort of patients referred for tran-
scatheter aortic valve implantation (TAVI) and to validate
it against 2-dimensional speckle tracking echocardiogra-
phy as the gold standard.

Materials and methods
Study design and patient population
This is a single-center, retrospective analysis. 140 con-

secutive patients with high grade aortic valve stenosis
referred for CT imaging prior to TAVI were scanned for

@ Springer

inclusion in this study. Out of these, 67 patients with
reduced echocardiographic image quality not allowing for
strain analysis in all myocardial segments were excluded.
Furthermore, eight patients with CT data not covering the
entire myocardium were further excluded from analysis.
Finally 65 patients were included in this study. CT exams
had been performed as a part of routine imaging for plan-
ning the TAVI procedure.

DSCT data acquisition and image reconstruction

Pre-interventional CT was performed using a third gen-
eration dual source CT system (Somatom Force, Siemens
Healthineers, Forchheim, Germany). Retrospectively ECG-
triggered spiral acquisition was performed in all patients.
The scan range extended from the proximal ascending aorta
to the caudal aspect of the heart. The following scan param-
eters were used: tube voltage 100 kV, tube current time prod-
uct 500 mAs, 0.6 mm collimation, 250 ms rotation time.
ECGe-correlated tube current modulation was used and full
radiation exposure was set between 10-70% of the R-wave
to R-wave interval, while tube current was reduced to 20%
outside this window. Contrast agent transit time was deter-
mined by giving a bolus of 10 ml contrast agent (Ultravist
370©, Bayer vital, Leverkusen, Germany). Afterwards 50 ml
of contrast agent at a flow rate of 5 ml/s, followed by 50 ml
of saline flush at the same flow rate was injected for CT
angiography.

For functional assessment of the left ventricle, a mul-
tiphase reconstruction at every 10% of the cardiac cycle was
rendered using a small field of view (150 mm). All recon-
structions were rendered using a medium soft convolution
kernel (Siemens Bv40) with a slice thickness of 0.75 mm
and slice increment of 0.5 mm. Iterative reconstruction
(Admire®, Siemens Healthineers, Forchheim, Germany) at
a strength level of two was used.

CT analysis of left ventricular strain

CT data sets were transferred to a dedicated workstation
(Ziostation2, Ziosoft Inc., Tokyo, Japan) for processing to
determine strain. To quantify left ventricular longitudinal
strain, multiplanar reconstructions (MPR) of the left ven-
tricle were manually rendered in CT, similar to standard
echocardiographic apical four-chamber, two-chamber and
three-chamber views. The perimeter of the left ventricle in
all three views was manually traced within the midline of
the myocardium—in a fashion similar to the determination
of echocardiographic longitudinal strain—and peak short-
ening as a parameter representing longitudinal strain was
calculated for each view (Fig. 1). Peak shortening in the
three multiplanar reconstructions was averaged to obtain a
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Fig. 1 a Multiplanar reconstruction of the left ventricle showing standard two-chamber view. The ventricle contours are traced (line). b Dynamic
changes of ventricular length in two chamber view through the cardiac cycle as a surrogate of longitudinal strain are shown in this graph

measure of global longitudinal strain, named “CT perimeter-
derived strain”.

The concept of maximum principal strain (3-dimensional
strain) to assess myocardial strain allows to represent the
maximum tensile strain at any given point. To obtain maxi-
mum principal strain, the motion coherent algorithm was
first applied to the original 10% increment data to generate
the interphase CT images from two neighboring phases. In
this way, interpolated data at 5% increments was obtained
in order to reduce noise to improve motion coherence. [14]
By image matching and model matching algorithms on the
interpolated data the matrix of motion vectors was gener-
ated. [15] Based on the matrix of motion vectors, the maxi-
mum principal strain was calculated based on expansion of
the principal direction from the starting point to any points
on each phase during the cardiac cycle. [11].

For quantification of 3-dimensional strain, data sets along
with additionally reconstructed strain data sets were merged
by the dedicated strain-analysis software. First, the tips of
the mitral valve and the apex of the left ventricle were manu-
ally determined in four-chamber and two-chamber views.
Endocardial and epicardial borders of myocardium were
automatically marked by the software in six short axis views
from basal to apical and manual correction was done when
necessary. The maximum 3-dimentional strain of the whole
myocardium was then automatically calculated by the dedi-
cated software in standard six (anterior, anterolateral, infe-
rolateral, inferior, inferoseptal, anteroseptal) basal and mid

segments and four (anterior, lateral, inferior, septal) apical
segments (Fig. 2). Strain values of the 16 segments were
averaged to obtain global maximum principal strain.

Echocardiographic analysis of left ventricular strain

ECG-gated echocardiography was performed in all included
patients before CT data acquisition. 2-dimensional echocar-
diographic studies were performed with a Vivid 7 system
(General Electric Medical Systems, Milwaukee, WI, USA).
Digital loops were acquired from three apical views (four-,
two-, and three-chamber views). For assessment of 2-dimen-
sional global longitudinal strain (GLS), recordings were pro-
cessed with acoustic-tracking software (EchoPAC BT12; GE
Medical Systems, Milwaukee, WI) allowing offline semi-
automated speckle-based strain analyses. Ejection fraction
was quantified by visual estimation.

Statistical analyses

The Kolmogorov—Smirnov test was used to test for nor-
mal distribution. Normally distributed data are presented
as mean =+ standard deviation. Mean values were compared
using a two-sided paired ¢ test in normally distributed data
and Mann—Whitney test for non-parametric data. Results
were deemed significant when the p value was <0.05.
ROC curve analyses were performed to identify CT strain
values with the best diagnostic performance compared to
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Fig.2 Assessment of three-dimensional strain in CT. a Multiplanar
reconstruction of the left ventricle in standard four-chamber-view.
The dotted lines mark the left ventricle from the tip of the mitral
valve to the apex. b Automatic detection of the epicardial and endo-

Table 1 Patients’ data

Patients (n=65)

Age (years) 815

Male sex 33/65
Ejection fraction (mean + SD) 50+12%
Echocardiographic GLS (mean +SD) -13.6+4.5%
CT perimeter strain (mean +SD) —-11.2+3.5%
3D CT global strain (mean + SD) 43.2+13.5%
Diabetes mellitus 28%

Arterial hypertension 83%
Hyperlipidemia 34%

Atrial fibrillation 32%
Implanted PM or ICD 9%

Chronic kidney disease 43%

COPD 17%
Previous cardiac surgery 14%
Coronary artery disease 55%

echocardiography as the gold standard. All statistical analy-
ses were performed using IBM® (New York) SPSS® Statis-
tics (version 21.0).

Results

65 patients with severe aortic stenosis were included in this
analysis. Mean patient age was 81 +5 years, 33 patients were
male (51%). Over 80% of patients received CT imaging on
the same or the following day as echocardiography. Mean
echocardiographic ejection fraction by visual estimate was
50+ 12% and mean echocardiographic global longitudinal
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cardial contours by the software. ¢ Bulls-eye demonstration of left
ventricular strain of 16 myocardial segments. Eg. 0.49 is equivalent to
a strain value of 49%

& Difference
= Mean Difference

emmm|\lean Diff. + 2SD

(%]
=l
O
o
A=
(S
(W]
|
=
©
L
=
(%]
—
(©]

Fig.3 Bland-Altman-Plot of CT perimeter-derived strain and echo-
cardiographic global longitudinal strain showing a systematic under-
estimation of stain in CT. Mean difference —2.4%, 95% limits of
agreement 4 to —9%

strain (GLS) was —13.6 +4.5%. Table 1 shows the baseline
clinical characteristics of the patients.

After processing the strain and dynamic tracing data
sets, analysis of CT-derived maximum principal strain as
well as perimeter-derived strain required for each 5 min on
average. Assessment of CT-derived strain was successfully
performed in all patients.

The mean CT-derived peak global maximum principal
strain (3D strain) and the mean peak strain derived by perim-
eter were 43.2% +13.5% and —11.2 +£3.5%, respectively.
Both CT-derived global 3D-strain and perimeter-derived
strain showed a significant correlation to GLS derived by
echocardiography (r=-0.8, p<0.0001 for 3D strain and
r=0.71, p<0.0001 for perimeter-derived strain, respec-
tively). Bland—Altman analysis showed a systematic under-
estimation of CT perimeter-derived strain compared to GLS
by echocardiography (mean difference —2.4% with 95% lim-
its of agreement between 4 and —9%) (Fig. 3).
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11 patients had an echocardiographic GLS of <-18%.
ROC Curve analysis assuming a normal echocardiographic
GLS when <—18% [16, 17], showed that a CT-derived 3D
strain cut-off value of 45% has a sensitivity of 91% and a
specificity of 60% for detecting normal left ventricular strain
(AUC 0.81, p=0.001) (Fig. 4). For CT perimeter-derived
strain, a cut-off value of —12%—assuming a normal echo-
cardiographic GLS when <—18%—achieved a sensitivity of
82% and a specificity of 61% (AUC of 0.82, p=0.001) for
detecting abnormal left ventricular strain (Fig. 5).

Discussion

In this proof-of-concept study performed in a cohort of 65
patients with severe aortic valve stenosis, assessment of left
ventricular strain from multi-phase CT data sets was shown
to be comparable to standard clinical echocardiographic
global longitudinal strain assessment. While measurement
principles are slightly different and mean values are not
identical, close correlation and a high area under the ROC
curve was found for CT-derived strain compared to GLS in
echocardiography.

Echocardiographic global longitudinal strain is a sensi-
tive parameter of left ventricular function and deformation.
Using speckle tracking, the maximum difference in the
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Fig.4 ROC Curve analysis for diagnostic accuracy of three-dimen-
sional CT strain for detecting normal echocardiographic normal GLS.
Assuming a normal echocardiographic GLS when <-18%, showed
that a CT-derived 3D strain cut-off value of 45% has a sensitivity of
91% and a specificity of 60% for detecting normal left ventricular
strain (AUC 0.81, p=0.001)
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Fig.5 ROC Curve analysis for diagnostic accuracy of CT perimeter-
derived strain for detecting normal echocardiographic normal GLS.
A cut-oft value of CT perimeter-derived strain of —12%—assuming
a normal echocardiographic GLS when <-18%—achieved a sensi-
tivity of 82% and a specificity of 61% (AUC of 0.82, p=0.001) for
detecting normal left ventricular strain

length of each myocardial segment during the cardiac cycle
is compared to the primary length. The average change pre-
sented in percentage for all myocardial segments—physi-
ologically a negative value because of shortening of the left
ventricle during systole—is named global longitudinal strain
[18-20].

CT-derived perimeter strain has a similar approach
by referring the change of perimeter length in three api-
cal views to the primary perimeter length at the begin-
ning of cardiac contraction. Similar to echocardiographic
global longitudinal strain, it has physiologically negative
values. In our study, we could demonstrate a good correla-
tion between both modalities (r=0.71, p<0.0001). How-
ever,—compared to echocardiographic GLS—CT-derived
perimeter strain demonstrated systematically lower strain
values on Bland—Altman analysis. These differences could
be explained by inherent difference between both modalities.

Furthermore, three-dimensional CT assessment of LV
strain has a different way of calculating left ventricular
deformation. After defining the myocardium by marking
endocardial and epicardial contours, a motion vector of
every point in space can be calculated. The growth of length
of the motion vector divided by its initial length gives a
parameter of myocardial deformation. By dividing the myo-
cardium in different segments—Ilike standard echocardio-
graphic segments—a parameter of strain for each segment
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is calculated. The average value of all segments for each
phase of the cardiac cycle is calculated and the maximum
difference during the cardiac cycle is considered as a 3D
parameter of strain. As the name suggests, 3D CT strain
does not only incorporate the longitudinal fraction of myo-
cardial deformation, but also the radial and circumferential
strain fraction alike. Unlike echocardiographic GLS and CT-
derived perimeter strain, 3D CT strain has a positive value,
and a high percentage suggests more deformation. In our
cohort, a 3D strain value of 45% could be shown on ROC-
curve analysis to detect normal echocardiographic GLS with
a sensitivity of 91% and a specificity of 60%.

Recently, in a study by Tee et al., CT strain parameters
using multimodality tissue tracking showed good correlation
with radial and circumferential echocardiographic strain in
a swine model. [21] Moreover, Tavakoli et al. used a motion
detection algorithm to gain CT strain values. In their analy-
sis, a good correlation of radial and circumferential strain
with strain parameters acquired by echocardiography or MRI
in a group of patients with ischemic heart disease, coronary
artery disease, dilated cardiomyopathy as well as healthy
volunteers could be demonstrated. [13] In a small cohort
examined by Helle-Valle et al. radial CT strain showed excel-
lent results in detecting infarcted myocardium owing to its
high spatial resolution and high signal to noise ratio. It fur-
thermore showed a good correlation with MR strain [22].

Several limitations need to be acknowledged for this
study. Apart from the relatively small sample size, we
included a cohort of patients with severe aortic stenosis
referred for CT assessment prior to transcatheter valve
replacement as for those patients full cycle CT acquisitions
are performed per standard institution protocol and a wide
range of strain values are expected. Hence, we cannot deter-
mine how CT-derived strain would perform in other popu-
lations or in a normal cohort. A large number of patients
had to be excluded from this analysis if echocardiographic
strain analysis could not be performed on all myocardial
segments since, for reasons of comparisons to CT, assess-
ment of the entire ventricle was necessary. Furthermore, nor-
mal reference values for CT-derived strain are not known
and need to be compared to reference modalities in big-
ger cohorts. In our study, assuming normal left ventricular
strain when echocardiographic 2-dimensional longitudinal
strain was <—18%, a cut-off-value of 45% for CT-derived
3D global strain had a sensitivity of 91% and a specificity
of 60% for detecting normal ventricular strain. CT-derived
perimeter strain demonstrated a comparable diagnostic
performance (cut-off of -12% CT-derived perimeter strain
showed a sensitivity of 82% and a specificity of 61% for
detecting normal ventricular strain). Though the number of
patients in our study with normal GLS was low (11/65)—all
patients had severe aortic stenosis, known to often affect
global longitudinal strain—, the cut-off-values of 45% of
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CT-derived 3D global strain or —12% CT-derived perimeter
strain can be a first step towards defining normal values.
[23, 24] Lastly, for the purpose of CT assessment of strain,
multiphase reconstructions are necessary that are associated
with higher radiation exposure than most commonly used
CT acquisition protocols. Echocardiography clearly has the
advantage of the ease of performance and wide availability.
Furthermore, no use of contrast agent and radiation is nec-
essary and follow-up measurements are easier to achieve
than with cardiac CT. Clearly echocardiography provides a
higher temporal resolution with a frame rate for assessment
of left ventricular strain usually within the range of 40-80
images per second. Cardiac CT provide three dimensional
coverage of the myocardium, however an inferior temporal
resolution compared to echocardiography which is inherent
to the modality (temporal resolution of the third generation
dual source system is 66 ms).

However, to our knowledge this is the first study to com-
pare a novel algorithm for three dimensional assessment of
strain in CT with standard echocardiography speckle track-
ing. We could demonstrate that CT assessment of left ven-
tricular strain in a patient cohort planned for interventional
treatment of aortic valve stenosis is feasible using dedicated
software and is comparable to the current clinical gold
standard.
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