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Abstract

Objective To evaluate the accuracy, reliability and time saving
potential of a novel cardiac CT (CCT)-based, automated soft-
ware for the assessment of segmental left ventricular function
compared to visual and manual quantitative assessment of
CCT and cardiac magnetic resonance (CMR).

Methods Forty-seven patients with suspected or known coro-
nary artery disease (CAD) were enrolled in the study. Wall
thickening was calculated. Segmental LV wall motion was
automatically calculated and shown as a colour-coded polar
map. Processing time for each method was recorded.

Results Mean wall thickness in both systolic and diastolic
phases on polar map, CCT, and CMR was 9.24+0.1 mm and
14.9+0.2 mm, 8.9+0.1 mm and 14.5+0.1 mm, 8.3+0.1 mm
and 13.6+0.1 mm, respectively. Mean wall thickening was
68.4+1.5 %, 64.8€1.4 % and 67.1+1.4 %, respectively.
Agreement for the assessment of LV wall motion between
CCT, CMR and polar maps was good. Bland—Altman plots
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and ICC indicated good agreement between CCT, CMR and

automated polar maps of the diastolic and systolic segmental

wall thickness and thickening. The processing time using po-

lar map was significantly decreased compared with CCT and

CMR.

Conclusion Automated evaluation of segmental LV function

with polar maps provides similar measurements to manual

CCT and CMR evaluation, albeit with substantially reduced

analysis time.

Key Points

* Cardiac computed tomography (CCT) can accurately assess
segmental left ventricular wall function.

* A novel automated software permits accurate and fast eval-
uation of wall function.

* The sofiware may improve the clinical implementation of
segmental functional analysis.

Keywords Coronary artery disease - Cardiac function - Post
processing - Cardiac computed tomography - Cardiac
magnetic resonance

Abbreviations

CAD  Coronary artery disease

CCT Cardiac computed tomography
CMR  Cardiac magnetic resonance
CABG Coronary artery bypasses graft

ED End-diastolic

ES End-systolic

GFR Glomerular filtration rate

ICC Interclass-correlation coefficient
LVEF  Left ventricular ejection fraction

SSFP  Steady-state free precession
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Introduction

Measurement of left ventricular (LV) function is a well-
established clinical parameter that has fundamental diagnos-
tic, therapeutic, and prognostic implications for coronary ar-
tery disease (CAD) [1]. Echocardiography is the most utilized
technique in clinical practice for the assessment of LV func-
tion despite the fact that it remains an operator-dependent
modality, which is usually limited by poor reproducibility
and its potential impairment due to an inadequate acoustic
window [2]. Although cardiac magnetic resonance (CMR) is
considered to be the gold standard for assessment of LV func-
tion [3], it is important to note its clinical limitations. CMR
requires a long imaging time and can be problematic in pa-
tients with implanted devices such as pacemakers or defibril-
lators, or in cases of severe claustrophobia [4]. To date, several
studies have reported that retrospective electrocardiography
(ECG)-gated cardiac computed tomography (CCT) has poten-
tial in evaluating LV volumes, ejection fraction, and mass in a
fast and reliable way [5-9], reducing the inter-observer and
intra-observer variability [10] while showing a strong correla-
tion with the gold standard represented by CMR [8]. Thus,
CCT is increasingly being considered as an alternative tool for
the combined assessment of the coronary anatomy and global
cardiac function [11, 12], especially with the introduction of
reliable, automated software to rapidly analyze the ventricular
volumes and function in an easy and reproducible way [13].
Currently, CCT is able to accurately assess the segmental ven-
tricular wall thickness and function, showing high concor-
dance with CMR and echocardiography [8, 14]. However, this
analysis is time-consuming and requires extensive training
with a relatively long learning curve.

An automated software system able to perform an accurate
and reliable segmental ventricular function analysis would
benefit clinical practice by adding important functional infor-
mation without increasing the analysis time.

Thus, the purpose of this study was to evaluate the accura-
cy, reliability, and time saving potential of a novel CCT-based,
automated software for the assessment of segmental LV func-
tion compared to visual and manual quantitative assessment
with CCT and CMR.

Materials and methods
Patient population

Forty-seven patients who underwent a retrospective ECG-
gated contrast-enhanced CT were retrospectively enrolled in
this study. All subjects also had a CMR examination within
1 month before or after the CCT examination. Standard exclu-
sion criteria for CCT and CMR were applied. All patients were
in sinus thythm and had normal renal function (glomerular

filtration rate (GFR) >30 mL/min). Exclusion criteria were
known iodinated contrast media allergy, arrhythmia, renal in-
sufficiency (GFR <30 mL/min), and any contraindications to
MR scan (pacemaker or defibrillator implantation, severe
claustrophobia). This study was approved by the ethics com-
mittee and all patients gave written informed consent.

CCT protocol

CCT exams were performed on a dual-source CT (Somatom
Definition Flash, Siemens Medical Solutions, Forchheim,
Germany). Imaging direction was cranio-caudal. Tube voltage
of 120 kV and a current of 600 — 900 mAs for both tubes were
employed. Full tube current was given during 30 % — 80 % of
the R-R window. Detector collimation was 2x64x0.6 mm
and acquisition collimation was 2x64x0.6 mm by means of
z-flying focal spot. Gantry rotation time was 330 ms. Bolus
tracking was performed placing a region of interest in the root
of ascending aorta, and image acquisition was automatically
started 6 seconds after the signal attenuation reached the
predefined threshold of 100 Hounsfield units. The imaging
range was from the tracheal bifurcation to just below the dia-
phragm. The contrast agent was injected by, a dual-head pow-
er injector (Stellant D, Medrad, Indianola, PA) using an 18 —
20 gauge intravenous needle placed on the right antecubital
vein. A biphasic protocol was used. In total, 70 — 80 mL of
contrast agent (Ultravist, 370 mgl/mL iopromide, Bayer,
Wayne, NJ) was injected, followed by 30 mL saline (0.9 %
sodium chloride) as bolus chaser. The injection rate for all
phases was 5.5 — 6 mL/s.

CMR protocol

All CMR scans were performed on a 1.5 T MR scanner
(Magnetom Avanto, Siemens Medical Solutions, Erlangen,
Germany) with a 6-element phased array coil. After localiza-
tion of the heart using three-plane and oblique survey images,
a series of short-axis cine images were acquired to cover the
entire left ventricle from base to apex. Images were acquired
using an electrocardiography (ECG)-gated steady-state free
precession (SSFP) sequence during serial breath holds.
Twenty cine phases were acquired using retrospective gating
with a temporal resolution varying between 25 — 50 ms.
Section thickness was 8 mm with no interval increment.
Imaging parameters were repetition time 3.1 ms, echo time
1.3 ms, flip angle 80°, field of view 280x375 mm, and image
matrix of 156x192 pixels.

Image post-processing
For CCT left ventricular function analysis, all data were re-

constructed using 30 — 80 % R-R with 10 % interval, section
thickness 1.5 cm with 1 cm interval, and kernel B26f. All CCT
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and CMR imaging data were loaded on a separate workstation
(syngo.via, version VA20, Siemens Healthcare), equipped
with a dedicated software application for cardiac function
(CCT and CMR cardiac function). Segmental LV function
including wall thickening and wall motion of the myocardium
were assessed based on the American Heart Association/
American College of Cardiology (AHA/ACC) segment model
[15]. We used the 16-segment model, because it is more ap-
propriate for evaluation of wall motion abnormalities, as the
tip of the normal apex (segment 17) does not move [16].

A cardiac polar map is a 2-D polar display of the LV sur-
face in which the apex is projected on the midpoint and the
base of the heart is on the edge of the polar map. The software
uses the 17 segment model, which was recommended in 2002
by the American Heart Association (AHA) for all imaging
modalities [15]. In this model, area 17 relates to the apex,
the rings with the areas 1-6, 7-12 and 13-16 relate to the basal,
mid-ventricular, and apical regions, respectively. Based on
automatically segmented multiphase CT data, the borders of
the endocardium and the epicardium are segmented and cor-
respondences between the endocardial and epicardial surfaces
are established. The software calculates local values for myo-
cardial wall thickening and wall thickness within each of the
17 regions using point-correspondences without the need of
any manual anatomical landmarks placement. A manual cor-
rection of endocardial and epicardial borders can be per-
formed if needed. The quantitative results for all three param-
eters (wall thickness during end-diastole, wall thickness dur-
ing end-systole, and wall thickening) are visualized in the 17
segment image as a color-coded polar map (syngo.via VA20
product SW) and the average value for each of the segments
can be exported (Cardiac function protoype SW).

CCT, CMR and automated polar map analysis were per-
formed by two readers (R.W. and C.N.D.C.) blinded to the
clinical indications and the CCT and CMR findings. CCT,
CMR, and polar map data sets were analyzed with a minimum
of a 1-week interval to avoid recall bias. Disagreement was
resolved by a consensus. The processing time from the axial
image reconstruction to the display of the different LV param-
eters was recorded for each analysis tool.

Semi-quantitative analysis

Segmental LV function analysis was performed on four-
chamber views, vertical long-axis views, and short-axis cine
loops. In order to make sure that CCT and CMR assessments
were based on the same level, the distance for each basal, mid-
ventricular, and apical section from the most basal slice was
recorded and the anatomic position was checked against the
papillary muscle attachment. Each LV segment was assigned a
score on a 3-point scale: score 1=normal contraction, score
2=hypokinetic, and score 3=akinetic [9]. On the polar map
each segment was assigned a different colour based on the
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score, red colour for normal (score 1), yellow for hypokinetic
(score 2), and blue for akinetic (score 3).

Quantitative analysis

For quantitative analysis of cardiac function, the CCT cardiac
function analysis software automatically detected the end-
diastolic (ED) and end-systolic (ES) images at 30 — 40 %
and 70 — 80 % of cardiac cycle, respectively. In the CMR
analysis, the image with the smallest LV cavity was consid-
ered to be ES, and then the contrary was ED. The wall thick-
ness of each segment was manually measured on three short-
axis views (the basal, midventricular, and apical positions
along the long axis) of both ED and ES images on CCT and
CMR modalities. Each segment wall thickness at both ED and
ES was measured twice, and the mean value was recorded.
The wall-thickening rate was calculated as (wall thickness ES
- wall thickness ED) / wall thickness ED. For the automatical-
ly generated polar maps, the value of LV wall thickness on
both ED and ES, the wall-thickening rate, and the regional LV
wall motion of each segment was automatically provided and
exported as a mean value by the software (syngo.via Cardiac
Function prototype).

Statistical analysis

Continuous variables were described as mean+standard devi-
ation (SD). Segmental LV functional parameters from the au-
tomated polar map were compared with the results calculated
from the CCT and CMR. Cohen kappa (k) statistics were used
to evaluate the agreement of semi-quantitative analysis for the
segmental wall motion assessment between pairs of the three
methods and interpreted as follows: < 0.20 slight or poor
agreement, 0.21 — 0.40 fair agreement, 0.41 — 0.60 moderate
agreement, 0.61 — 0.80 good agreement, and>0.80 excellent
agreement.

For linear correlation analysis the Spearman rank correla-
tion coefficient (p) was determined. Correlation was defined
as poor (p=0), minimal (p=0.1 — 0.40), moderate (p=0.41 —
0.60), good (p=0.61 — 0.80), and excellent (p=0.81 — 1.0). To
assess the degree of agreement between the results of CCT and
MRI for each pair of left ventricular values, Bland and Altman
plots including mean differences and limits of agreement were
generated.

The interclass-correlation coefficient (ICC) was also calcu-
lated for each quantitatively measured variable. The ICC can
range from 0 to 1, with an ICC of zero representing no agree-
ment and an ICC of 1 meaning perfect reliability. Multivariate
calculations with repeated measures of analysis of vari-
ance (ANOVA) were employed to calculate differences
in left ventricular parameters for respective CCT, CMR,
and polar map values.
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A p-value of 0.05 or less was considered statistically sig-
nificant. Data analysis was performed using commercially
available statistical software (MedCalc, Version 9.3.0.0.
MedCalc Software; Mariakerke, Belgium).

Results
Patient characteristics

Patient characteristics are reported in Table 1. The mean age
was 58=+11 years (range 28 — 89 years), and 16 of the patients
were female. Fourteen patients had a previous myocardial
infarction and 32 had a prior revascularization procedure
(stent or CABG). All studies were of adequate quality for
functional assessment allowing optimal manual segmentation
of the left ventricle.

Semi-quantitative assessment of LV segmental wall
movement

A total of 752 segments were subjectively analyzed in this
study. CMR demonstrated 673 out of 752 LV segments as
normal, 34 as hypokinetic, and 45 as akinetic. CCT demon-
strated 669 out of 752 LV segments as normal, 45 as
hypokinetic, and 38 as akinetic. Six hundred and forty-five
out of 752 LV segments were regarded as normal on the polar
map, 41 as hypokinetic, and 66 as akinetic. Kappa test showed
that the agreement between pairs of the three methods was
good (Table 2, Fig. 1).

Quantitative assessment of LV segmental wall thickness
and thickening

The mean diastolic and systolic wall thickness, and wall thick-
ening are summarized in Table 3. The mean diastolic thick-
ness assessed on CCT and CMR was 8.9+0.1 and 8.3+0.1,
whereas the mean value extrapolated from the automated

Table 1  Study population characteristics, CAD: coronary artery
disease

Characteristic Data
Age (y) 58«11
Sex (M/F) 31/16
Cardiovascular history

Suspected CAD 15
Known CAD 32
Previous myocardial infarction 14
Pervious percutaneous coronary intervention 18
Coronary artery bypass graft 14

3563
Table 2 Agreement for ]
visual contractility Technique kappa
assessment
CCT vs Polar 0.623
CMR vs Polar 0.645
CCT vs MRI 0.765

polar map was 9.2+0.1. The mean systolic thickness mea-
sured from CCT and CMR was 14.5£0.1 and 13.6+0.1 re-
spectively, whereas the mean value derived from the polar
map was 14.9+0.2. Finally, the percentage of wall thickening
calculated from CCT and CMR was 64.8+1.4 % and 67.1+
1.4 %, whereas the percentage calculated from the automated
polar map was 68.5+1.5 %.

There was a good correlation between CMR and automated
polar map measurements of the diastolic thickness (p=0.642),
and between CCT and CMR both for the diastolic and systolic
thickness (p=0.698 and p=0.651, respectively). In all other
cases a moderate correlation was observed. A systematic
slight overestimation of the diastolic and systolic wall thick-
ness as well as the wall thickening by automated software
when compared with CCT and CMR was observed (Table 3).

Bland-Altman plots and ICC indicated good agreement
between CCT, CMR, and automated polar maps of the dia-
stolic and systolic segmental wall thickness and thickening
(Fig. 2). Results are shown in Table 4.

A significant reduction in mean processing time (p<<0.001)
was observed between the automated software (230+27 sec)
in comparison with CCT (509+39 sec) and CMR (464+
40 sec), representing a 55 % and 50 % time reduction, respec-
tively (Table 3). No manual correction of endocardial and
epicardial borders was needed for polar maps generation with
the automated software.

Discussion

In this study, we assessed the performance of an automated
software tool for the analysis of segmental LV function and
wall thickness on CCT data-sets, in comparison with manual
assessment using CCT and CMR. Our results demonstrated
that the automated software could provide a reliable and ac-
curate assessment of segmental LV function with a significant
reduction in time.

Automated measurements of the diastolic and systolic
thickness show a good correlation with the visual assessment
of both CCT and CMR for the detection of segmental contrac-
tion abnormalities. A significant difference between diastolic
and systolic thickness was observed between automated soft-
ware values and manual CCT/CMR measures, with a slight
overestimation of the thickness and thickening. However, as
reported in Table 3, this difference was smaller than 1 mm for
the diastolic phase, and approximately 1.3 mm for the systolic
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Fig. 1 A 49-year-old male patient with chest pain underwent contrast
enhanced cardiac CT (CCT) and cardiac MR (CMR). Polar map showed
abnormalities of regional LV with akinesia of segments 10 — 11 (a — d,
yellow arrows) (a: wall thickness ES [mm]; b: wall thickness ED [mm]; ¢:

thickness, meaning a maximum of 3 % difference in the over-
all wall thickening. These subtle differences seem to be of
little if any clinical significance, considering similar physio-
logical variation in thickness can be observed in manual intra-
reader analysis.

Moreover, considering the good correlation observed be-
tween manual CCT and CMR segmental function analysis,
CCT can be confirmed as a robust technique for the assess-
ment of wall motion. These findings seem to be directly cor-
related to the improved temporal resolution (83 ms) of the
dual-source technique, which allows imaging without beta-
blocking and provides more accurate LVEF measurement
[17]. In previous studies using scanners with a temporal reso-
lution higher than 83 ms, it has been reported that the main
discrepancy occurred in the interventricular septum
distinguishing normal from hypokinetic segments and in the
lateral LV wall differentiating hypokinetic from akinetic seg-
ments [16]. In our study, these discrepancies between CCT
and CMR were not observed; this result is probably due to
the improved temporal resolution, which approaches the tem-
poral resolution of the CMR method. In addition, the applica-
tion of a 10-phase image reconstruction in CCT is sufficient to

Table 3  Differences in left ventricular systolic and diastolic wall
thickness and wall thickening as determined by CCT, CMR, and
automated polar maps. CI: confidence interval. Multivariate calculations

wall motion [mm]; d: wall thickening [%]). The short-axis view of left
ventricle in both systolic (e, g) and diastolic (f, h) phases of CCT and
CMR demonstrated akinetic regional left ventricular function in segments
10 — 11 (red arrows). ES: end-systolic, ED: end-diastolic

provide a reliable evaluation of the segmental LV func-
tion, as previously reported by Ko et al. [9] for LV
volumes and EF.

Abnormalities of regional LV wall motion are important
markers of myocardial ischemia [8] and improve diagnostic
accuracy for acute coronary syndrome (ACS) in patients with
acute chest pain, and, thus, may be helpful to guide further
management in patients at intermediate risk for ACS [1].
Moreover, in patients undergoing CCT for detection of
CAD, a measurement of LVEF can be used as an alternative
method, particularly in case of equivocal or suboptimal echo-
cardiography. Thus, CCT is increasingly being considered as
an alternative tool for the combined assessment of the coro-
nary anatomy and cardiac function parameters [11, 12]. The
ability to obtain reliable information, and not only the ventri-
cular volumes and global function, but also of segmental wall
function, would further increase the accuracy of CCT for the
detection of structural abnormalities.

In this study, processing time of the polar map resulted in
timesavings of approximately 50 % when compared to man-
ual measurement on CCT or CMR. This significant reduction
of required time provides the potential for implementation in

with repeated measures analysis of variance (ANOVA) were employed to
calculate statistically significant differences in left ventricular parameters
and processing time

Comparison Polar map 95 % CI CCT 95 % CI CMR 95 % CI CCT vs CMR vs CCT vs
Polar Polar MR
Diastolic WT (mm) 9.2+0.1 9.0-9.3 8.9+0.1 8.7-9.0 8.3+0.1 8.1-8.4 <0.001 <0.001 <0.001
Systolic WT (mm) 14.9+0.2 14.6-15.2 14.5+0.1 14.2-14.8 13.6+0.1 13.3-13.9 0.0125 <0.001 <0.001
Wall thickening (%) 68.5+1.5 65.5-71.5 64.8+1.4 62.0-67.7 67.1x1.4 64.3-69.8 0.039 0.990 0.334
Processing time (sec) 230+27 211-248 509+39 482-535 464+40 437-490 <0.001 <0.001 0.006
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(CCT), cardiac MR (CMR) and automated polar maps. a DTccr vs
DTporLar; b DTemr V8 DTporar; € STeer Vs STporar; d STemr Vs

the clinical routine without any detrimental effect on the clin-
ical workflow.

Our findings should be viewed in the light of their limita-
tions. First, only a relatively small group of patients were
examined, and the data need to be validated by larger patient
cohorts. Secondly, the software was tested in subjects with
normal function or with ischemic heart disease showing an
alteration of contractility. We did not test the software in dif-
ficult cases where rhythm abnormality and inter- or intra-
ventricular dyssynchrony could reduce the software accuracy.

Table 4  Correlation between CCT, CMR, and automated polar maps
measurements, ICC: intra-class correlation coefficient; CI: confidence
interval

Comparison p value Bland-Altman 1CC
Diastolic wall thickness
CCT vs Polar 0.569* -0.3 (4.1/3.5) 0.57 (0.52-0.61)
CMR vs Polar 0.642*  -0.9 (-4.6/2.8) 0.64 (0.60-0.68)
CCT vs CMR 0.698* 0.6 (-2.7/4.0) 0.69 (0.65-0.73)
Systolic wall thickness
CCT vs Polar 0.549*%  -0.4(-8.2/7.4) 0.55 (0.49-0.59)
CMR vs Polar 0.567* -13(-8.9/-1.3)  0.56 (0.51-0.61)
CCT vs CMR 0.651* 0.9 (-5.5/7.4) 0.65 (0.61-0.69)
Wall thickening (%)
CCT vs Polar 0.521*  -3.6 (-80.5/73.2) 0.52 (0.46-0.57)
CMR vs Polar 0.475*% -1.4(-80.5/77.7) 0.47 (0.41-0.53)
CCT vs CMR 0.529*  -1.9 (-75.0/71.1)  0.53 (0.47-0.58)
*p<0.0001

of WTcer and WTpo ar

I
100 150 200 50 o 50 100 150 200
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STPOLAR; € WTCCT VS WTPOLAR; fWTCMR Vs WTPOLAR~ DT: diastolic
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Third, the 1-month interval time between CCT and CMR
studies may have influenced the cardiac function evaluation
between the two imaging techniques. Likewise, the influence
of CCT reconstruction parameters (slice thickness and number
of phases) on automated-software performance has not been
evaluated in our study. Finally, the achievement of a complete
levogram with an empty right ventricle from any residual con-
trast medium could represent a challenge for the automatic
detection of right ventricular endocardial borders in particular
at the level of the interventricular septum. In all our patients,
the presence of residual contrast medium in the right ventricle
allowed the automatic detection of endocardial borders with-
out the need of any manual adjustment. For the aforemen-
tioned reasons, further investigation of the software perfor-
mance in these challenging populations is needed in order to
confirm our findings.

In summary, the findings of this study confirm that auto-
mated evaluation of segmental LV function provides similar
measurements to manual CCT and CMR evaluation, albeit
with substantially reduced analysis time. The automated soft-
ware may improve the implementation of segmental function-
al analysis in clinical routine.
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Methodology: retrospective, diagnostic study, performed at one
institution.
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