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Abstract

Background: Computed tomography feature tracking (CT-FT) has emerged as a valuable method for the
assessment of cardiac function. However, no studies have investigated the usefulness of CT-derived assessments of
left ventricular (LV) strain in coronary artery disease (CAD). Our aim was to evaluate regional LV systolic deformation
in patients with left anterior descending coronary artery (LAD) stenosis using CT-FT.

Methods: Seventy-six patients with LAD stenosis were enrolled. The patients were divided into four groups
according to the percentage of LAD stenosis: <25% was defined as group | (24 patients), 26 to 49% as group Il (17
patients), 50 to 74% as group lll (21 patients), and = 75% as group IV (14 patients). Thirty-two sex- and age-matched
healthy subjects were included as controls.

Results: No intergroup differences were found between groups I-IV and the controls in terms of the left ventricular
ejection fraction, end-diastolic volume and end-systolic volume. However, the longitudinal strain (LS) of the LAD
territory was significantly reduced in groups |-V compared with the controls (— 20.8, — 18.6%, — 18.6%, and — 17.0%
vs — 23.7%, respectively). The circumferential strain (CS) of the LAD territory was significantly reduced in groups Il
and IV compared with the controls and groups | and Il (= 22.4% and — 22.1% vs — 254, — 24.1%, and — 25.3%,
respectively). Compared with the non-LAD territory, the LAD territory in groups II-IV showed significantly increased
LS (= 18.6% vs —21.9%, p=0.07; — 18.6% vs —21.9%, p =0.024; — 17.5% vs — 20%, p = 0.032, respectively). The
severity of LAD stenosis was positively correlated with the LS of the LAD territory (r=0.438, p = 0.002).

Conclusion: CT-FT can detect decreasing LV systolic function in patients with LAD stenosis. LV regional systolic
deformation of the LAD territory was reduced with increasing LAD stenosis severity.
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Background

In the past decade, the burden of ischemic cardiovascular
disease has risen to the leading cause of morbidity and
mortality worldwide [1], notably due to coronary artery
disease (CAD) [2]. The degree of coronary stenosis is con-
sidered the underlying cause of ischemia. The most com-
mon vessel involved in CAD is the left anterior
descending artery (LAD), which is also the most common
infarct-related artery in acute myocardial infarction (MI)
[3]. However, the majority of patients with significant
LAD stenosis without a history of MI frequently have nor-
mal resting electrocardiograms (ECG) and echocardio-
gram [4, 5]. Although coronary angiography (CAG) is the
gold standard for coronary stenosis diagnosis, computed
tomography angiography (CTA) is the tool most widely
used to visualize the coronary artery because of its nonin-
vasiveness, high degree of temporal resolution and excel-
lent measurement reproducibility [6, 7].

Cardiac strain imaging is a quantitative tool used in
the early evaluation of regional systolic cardiac function
using echocardiography and cardiac magnetic resonance
(CMR) [8, 9]. CTA-derived assessment of strain has
emerged as a valuable method for the assessment of car-
diac function, and it shows close correlations with both
echocardiography and CMR [10-13]. The usefulness of
CT-derived assessments of left ventricular strain in se-
vere aortic stenosis [11], aortic valve stenosis [14], adult
congenital heart disease [15] and MI [16] has been re-
ported. However, to the best of our knowledge, there
have been no studies on CAD.

Consequently, we aimed to evaluate the feasibility of
CTA-derived assessments of strain for regional left ven-
tricular (LV) systolic deformation in patients with differ-
ent degrees of isolated LAD stenosis.

Methods

Study population

A total of 119 patients with suspected coronary heart
disease were prospectively screened by the multidiscip-
linary thoracic oncology group at the Union Hospital of
Tongji Medical College. Among them, 87 patients were
diagnosed with LAD stenosis. Then, 32 sex- and age-
matched normal subjects were included as controls.

The inclusion criteria for the LAD stenosis patients
were (1) patients diagnosed with LAD stenosis (not in-
cluding stenosis of the left circumflex coronary artery or
right coronary artery); (2) clinically confirmed subjects
aged between 30 and 80 years; and (3) no wall motion
disorder on echocardiography. The exclusion criteria
were (1) a history of MI or Q-waves on ECG; (2) known
MI, congestive heart disease, heart valve disease, or
structural heart disease; (3) atrial fibrillation; and (4) ar-
rhythmias. All individuals were examined with a cardiac
CT scan.
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Data regarding demographics and medical comorbidi-
ties were collected prospectively before the cardiac CT
scan. Nonsmoking was defined as lifetime exposure to
fewer than 100 cigarettes, and the remaining patients
were categorized as ever-smokers. Patients who con-
sumed alcohol were defined as having a positive alcohol
consumption history, and the others were classified as
never consumers. Written informed consent was ob-
tained from all participants.

CT scanning protocol and postprocessing

CT examinations were performed using a DSCT scanner
(Somatom Definition, Siemens AG, Medical Solutions,
Forchheim, Germany), and the CTCA scanning parame-
ters were as follows: detector collimation 32 x 0.6 mm,
slice acquisition 64 x 0.6 mm by means of a z-flying focal
spot, gantry rotation time 330ms, pitch of 0.2-0.39
adapted to the heart rate, reference tube current-time
product 400 mAs, and tube voltage 120 kV.

Prior to the examination, patients with a heart rate
higher than 75 bpm were treated with a f-blocking agent
(metoprolol, 25-50 mg, AstraZeneca AB, Sweden) to
control the heart rate below 75bpm, and all patients
were instructed regarding breath holding to minimize
artifacts during examination. Nitroglycerin spray (0.5
mg, Shandong Province, China) was used sublingually 5
min before the examination to dilate the coronary arter-
ies. The CTCA scan was started by continuously inject-
ing a total of 70 ml of iopamidol (400 mgl/ml; Bayer
Schering Pharma, Berlin, Germany) followed by 40 ml of
saline solution into an antecubital vein via an 18-gauge
catheter (injection rate 4 ml/s) by an automatic injector.
Bolus tracking was used to start the scan with a tracking
area set at the root of the descending aorta. The image
acquisition started 5s after the signal attenuation
reached the predefined threshold of 100 Hounsfield
units. A retrospective gating technique was used to
synchronize the data reconstruction with the ECG sig-
nal. We reconstructed 20 phases in 5% steps of the R-R
interval within the full window. The data constructive
section thickness was 0.75 mm, the increment was 0.5
mm, and the reconstruction kernel was B26f heart view
smooth without using the iterative reconstruction tech-
nique. The image postprocessing methods on the work-
station included 3D volume rendering (VR), multiplanar
reconstruction (MPR), curved planar reconstruction
(CPR), and maximum intensity projection (MIP) using
Circulation software.

Assessment of the degree of anterior descending
coronary artery stenosis

The percentage of LAD stenosis was defined by coronary
CT angiography (CTA) (Fig. 1). Two radiologists with
different degrees of experience in interpreting CTA
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stenosis were < 25% (a), 26 to 49% (b), 50 to 74%(c) and = 75% (d)

Fig. 1 The percentage of left anterior descending coronary artery (LAD) stenosis defined by coronary CT angiography. The degrees of LAD

images independently performed all qualitative image ana-
lyses. One was a senior radiologist (HS) with 25 years of ex-
perience in thoracic imaging; the other was a fellow (YC)
with 5 years of experience in the interpretation of CT im-
ages. Both analyzed the Digital Imaging and Communica-
tions in Medicine (DICOM) images from the CT studies
without access to the clinical findings. If their interpreta-
tions differed, the senior reader’s decision was accepted.

Computed tomography feature tracking analysis

A commercial software package (Medis suite version 3.0
(Leiden, The Netherlands)) was used to analyze the ori-
ginal three-dimensional (3D) dataset package to generate
two-dimensional (2D) cine loops of three long axis
(LAX) slices (i.e., two-, three-, and four-chamber), three

short axis (SAX) slices (i.e., basal, mid, and apical), and a
SAX stack with a slice thickness of 0.75 mm and a re-
construction increment of 0.4 mm. Images were gener-
ated at a time resolution of 10 phases per cardiac cycle,
increasing from 10% increments from the early systolic
(0% cardiac cycle) to the end-diastolic (90% cardiac
cycle). This was performed to ensure that the 2D cardiac
CT reconstruction closely matched the anatomical loca-
tion of the image.

Cardiac volumetric and functional parameters were
quantified based on the manual delineation of the endo-
cardial and epicardial borders using a stack of continu-
ous SAX slice cine images (after excluding the papillary
muscles from the myocardium). The left ventricular
EDV, ESV and EF were obtained automatically.
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Longitudinal strain (LS) was assessed by averaging the
peak systolic strain values of 17 segments extracted from
three LAX images (Fig. 2a), while circumferential strain
(CS) and radial strain (RS) were acquired from three
SAX images using a 16-segment model (Fig. 2b, c). To
determine the reproducibility of the myocardial strain
measurements, the same images from 15 randomly se-
lected individuals were repeatedly measured by the same
blinded observers. According to the protocol proposed
by the American Heart Association (AHA), the coronary
artery tree was divided into 16 segments [17]. Based on
the AHA 16-segment model, we defined the basal and
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mid-anterior wall and anteroseptal segments as well as
the apical anterior and septal segments as the territory
supplied by the LAD (Fig. 3). All images were evaluated
by two experienced cardiac radiologists who were
blinded to the patients’ information (XH and JG). After
separate evaluations, the radiologists discussed their
findings and agreed on the final decision.

Statistical analysis

For all continuous data, the normality of the distribution
was checked using the Kolmogorov-Smirnov test. Nor-
mally and nonnormally distributed data and categorical

13) apical’ Bnterior

77 0
H’I

Fig. 2 Diagram of the peak systolic strain analysis of the left ventricular myocardium in a healthy volunteer (a forty-seven-year-old female).
Colored tissue-tracking maps of circumferential (a), radial (b), and longitudinal (c, d, e) strain analyses are shown on the left. The circumferential
(f), radial (g), and longitudinal (h, i, j) strain values in a 16-segment model are displayed in the middle. Circumferential (), radial (k), and
longitudinal (m, n, o) strain-time curves in a cardiac cycle are shown on the right
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LAD

non-LAD

Fig. 3 The involved segments as the territory supplied by the left
anterior descending coronary artery (LAD) based on the American
Heart Association (AHA) 16-segment model

variables are expressed as the means + standard devia-
tions and the medians (interquartile ranges) and fre-
quencies (percentages), respectively. Independent sample
Student’s ¢ tests were used to compare two groups of
normally distributed variables, and chi-square tests were
used to compare categorical variables. Clinical character-
istics and CT findings were compared among groups I-
IV and the controls by one-way ANOVA. Normally dis-
tributed variables were analyzed by Pearson’s correlation
analysis, and nonnormally distributed data were analyzed
by the Spearman correlation analysis. Multiple linear re-
gression analyses were performed to identify the deter-
minants of myocardial LS in patients with LAD stenosis.
All candidate variables (p < 0.2 on univariable linear re-
gression without collinearity) were entered into the mul-
tiple stepwise regression model. Repeatability between
observers was evaluated with 25 randomly selected
patients with the Bland—Altman test. A p value <0.05
(two-tailed) was considered statistically significant. Stat-
istical analyses of all data were carried out using SPSS
software (SPSS 21.0 for Windows, IBM, Chicago, IL,
USA).

Results

Clinical characteristics of the study population

Among the 87 screened patients, eight were excluded
because of poor-quality CT images, and three were ex-
cluded because of too many segments with poor track-
ing. Three of our patients had CAG results, and the
percentages of LAD stenosis were 60, 75, and 90%. The
remaining 73 patients were assessed by CTA. Then, the
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patients were divided into four groups according to the
percentage of LAD stenosis: <25% was defined as group
I (24 patients), 26 to 49% as group II (17 patients), 50 to
74% as group III (21 patients), and >75% as group IV
(14 patients). Additionally, thirty-two sex- and age-
matched healthy subjects were included as controls.
During CTA examination, no significant difference in
the average heart rate was found between the CAD
groups and the controls (70.9 £ 12.7 bmp vs.69.7 + 10.5
bmp, p = 0.986).

The demographics, clinical data and medical history of
the subjects included in the present study are shown in
Table 1. The mean age was similar between the patients
and controls. Patients with LAD stenosis were predom-
inantly male. This cohort had a high prevalence of
hypertension, but there were no statistically significant
differences between the groups with respect to hyperten-
sion, diabetes, smoking or alcohol consumption.

Volume and function of the left ventricle

No significant intergroup differences were found be-
tween groups I-IV and the controls in terms of the left
ventricular ejection fraction (LVEF) (p=0.586), end-
diastolic volume (EDV) (p=0.719) and end-systolic
volume (ESV) (p =0.257) (Table 1).

Parameters of CT-FT-derived strain among the study
groups

The longitudinal strain (LS) of the LAD territory was
significantly reduced in groups I-IV compared with the
controls (-20.8% and -18.6% and - 18.6% and - 17.0%
vs 23.7%, respectively). The peak value of LS decreased
as the stenosis degree of the LAD increased; specifically,
the higher the degree of stenosis was, the lower the LS
value. In addition, the circumferential strain (CS) of
LAD territory was significantly reduced in groups III
and IV compared with the controls and groups I and II
(-22.4% and -22.1% vs -25.4% and - 24.1% and
- 25.3%, respectively), but the amplitudes of radial strain
(RS) showed no significant differences among the five
groups (Table 2).

Comparison of strain between LAD territory and non-LAD
territory in groups I-IV

Compared with LAD non-territory, groups II-IV had sig-
nificantly increased LS values in the LAD territory (-
18.6% vs —21.9%, p =0.07; — 18.6% vs — 21.9%, p = 0.024;
-17.5% vs —20.1%, p=0.032, respectively), which was
not observed in the controls or group I. Group III had a
significantly increased CS of the LAD territory compared
with that of the non-LAD territory (- 22.4% vs - 25.9%,
p =0.03), which was not observed in other groups. How-
ever, no significant differences were found between the
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Table 1 Clinical characteristics of the study population
Variable Group | Group Il Group Il Group IV Control P values
(n=24) (n=17) (n=21) (n=14) (n=32)
Age (years) 56.7+8 541£12 62+ 10 61+13 567+ 11 0.255
Male (n, %) 17 (70.8) 14 (82.4) 17 (81) 11 (78.6) 19 (57.6) 0.249
BMI (kg/mz) 249+3 251+£5 239+4 248+3 2483 0.399
Smoking history (Yes/No) 9/15 5/12 7/14 7/7 10/22 0.730
Drink history (Yes/No) 8/16 4/13 8/13 5/9 7/25 0.707
Heart rate (beats/min) 70.1 711 694 710 69.7 0.986
Hypertension (n, %) 11 (45.8) 9 (52.9) 8 (38.1) 7 (50%) 0 0.204
SBP 136+ 20 131+18 141+ 20 144 +23 126+ 16 0.013*
DBP 88+ 16 85+ 15 88+ 15 89+12 79+£16 0.091
Diabetes mellitus (n, %) 4(16.7) 1(59) 5(23.8) 2(143) 0 0.386
Medication
ACEIs (Yes/No) 9/15 7/10 9/12 9/5 - -
Diuretics (Yes/No) 5/19 4/13 8/13 777 - -
CCBs (Yes/No) 8/16 6/11 10/11 10/4 - -
[3-Blockers (Yes/No) 6/18 4/13 5/16 9/5 - -
Statins (Yes/No) 2/22 3/14 3/19 6/8 - -
Hematocrit (%) 1395 140.7 133 1383 1322 -
Total cholesterol (mmol/L) 361 394 491 499 392 -
Triglycerides (mmol/L) 1.72 1.76 1.55 1.64 1.56 -
HDL-C (mmol/L) 1.1 1.58 261 0.952 1.31 -
LDL-C (mmol/L) 24 262 2.96 2.95 3.19 -

All data are expressed as the mean + SD, percentage (number of participants), or median (interquartile range), as appropriate

*P < 0.05 between groups

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, LVH left ventricular hypertrophy, ACEls angiotensin-converting enzyme inhibitors,
ARBs angiotensin Il receptor blockers, CCBs channel blockers, HDL-C High density liptein cholesterol, LDL-C low density liptein cholesterol

RS of LAD territory and that of non-LAD territory in
the five groups (Table 3).

Factors associated with myocardial strain of LAD territory
in the patient group

These results are shown in Table 4. In the patient group,
the LS of the LAD territory was significantly correlated
with the severity of LAD stenosis (r=0.438, p =0.002)
(Fig. 4), angiotensin-converting enzyme inhibitor (ACEI)
treatment (r=-0.235 p=0.041), the level of high-
density lipoprotein cholesterol (HDL-C) (r=-0.551, p =
0.008), and LVEF (r=-0.315, p = 0.009). In addition, the
CS of the LAD territory showed a significant negative
correlation with the LVESV (r=-0.324, p =0.002) and
LVEF (r=-0.323, p=0.005). The RS showed a negative
significant correlation with the LVEDV (r=0.304, p<
0.008). However, no significant associations were ob-
served between cardiac strain (CS, RS and LS) in the
LAD territory and age, heart rate, hypertension, history
of smoking, history of alcohol consumption, BMI, DM,
or other medications.

Intra- and interobserver reproducibility

The intra-class correlation coefficient (ICC) value in the
intraobserver analysis was 0.973 for the percentage of
LAD stenosis on CTA. The ICC of variability was good
for the global strain values and the average segmental
amplitude of strain in the LAD territory (Table 5).

Discussion

Decreased regional LV dysfunction in patients with crit-
ical stenosis of the LAD was detected by 2D speckle
tracking echocardiogram (STE) by Iva et al. [18]. How-
ever, whether the decreased regional strain was related
to different degrees of LAD stenosis is unclear. In the
present study, CT-derived GLS and the regional LS of
LAD territory were impaired in patients with LAD sten-
osis (225%) compared with the controls, although there
were no significant differences in LV structural and
functional parameters among the groups. In addition, a
moderately negative correlation was found between the
LS of LAD territory and the severity of LAD stenosis.
This phenomenon indicated that myocardial ischemia
exists in mild or moderate coronary stenosis and that a
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Table 2 Cardiac CT parameter of the study population
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Variable Group | Group Il Group Il Group IV Control P values
(n=24) (n=17) (n=21) (n=14) (h=32)
LVEF (%) 633+ 9 636+ 8 63.1+9 59 + 13 639 + 7 0586
LVEDV (ml) 90 + 19 849 + 30 825+ 19 90.1 + 17 87 + 15 0719
LVESV (ml) 328+ 10 406 + 18 309 + 11 373417 32+10 0.257
CS (%)
LAD territory (%) 241+ 4 —253+6 —04+ 47 —221 £ 4P —254+4 0.062
Non- LAD territory (%) 256+ 5 244+ 4 -259+4 -229+5 27445 0052
GCS (%) 25+ 4 241+ 4 —247+6 224+ 4 ~266 + 4 0.115
RS (%)
LAD territory (%) 766 + 25 79.1 + 42 93.1 + 56 63 + 23 88 + 38 0.186
Non- LAD territory (%) 90 + 36 96.5 + 80 749 + 23 764 + 26 843 + 28 074
GRS (%) 85.1 + 26 89.1 + 55 814 + 25 717 +23 853 + 32 0628
LS (%)
LAD territory (%) -208+ 3 186+ 47 -186 + 37P —17 + 5"@bc -237+3 <0001
Non- LAD territory (%) 220+ 3 -219+3 21942 -20+ 4 ~220+4 0488
GLS (%) 201 +2 -203 +3" —-205+3" —187 + 472b¢ -229+3 <0001

All data are expressed as the mean + SD, percentage (number of participants), or median (interquartile range), as appropriate

*P < 0.05 compared with normal controls
@ P<0.05 compared with groups |

P P <0.05 compared with groups Il

€ P<0.05 compared with groups I

HR heart rate, LVEF left ventricular ejection fraction. LVEDV left ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, RS radial strain, CS
circumferential strain, LS longitudinal strain, GRS global radial strain, GCS global circumferential strain, GLS global longitudinal strain

Table 3 Peak systolic strain of patients of between the LAD
territory and non-LAD territory

Variable Strain of LAD territory Strain of non-LAD territory P values
Group |

cs —241+4 -256 %5 0.269

RS 76.6 + 25 90 + 36 0.133

LS -208+3 —-220+3 0.085
Group Il

CS -253+6 —244+ 4 0625

RS 791 £ 42 96.5 £ 80 0432

LS -186+ 4 -219+3 0.007*
Group Il

cs -224 %4 -259+4 0.024*

RS 93.1 + 56 749 + 23 0.175

LS -186+3 -205+3 0.030%
Group IV

CS =221 +4 -229+5 0.856

RS 63 £ 23 764 £ 26 0.184

LS =175 —187 +4 0.032*
Control

CS =254+ 4 —274+5 0.203

RS 88 + 38 843 + 28 0.750

LS —237 %3 -229+3 0431

All data are expressed as the mean * SD, percentage (number of participants),
or median (interquartile range), as appropriate

*P < 0.05 between groups

LAD left anterior descending, RS radial strain, CS circumferential strain, LS
longitudinal strain

higher degree of stenosis leads to a lower LS value. A
previous study indicated that a reduced GLS measured
in nonobstructive CAD (stenosis >50%) was identified by
2D STE compared with stenosis<50% in patients in each
major coronary artery [19]. Additionally, Iva et al. [18]
showed decreased reginal LV dysfunction in patients
with critical stenosis of the LAD on 2D STE. Using the
same method, You et al. [20] found that LS was signifi-
cantly reduced in myocardial segments supplied by cor-
onary arteries with >75% stenosis compared with those
subtended by coronary arteries with<75% stenosis and
those in the control group. However, in a recent study,
significant differences in 3D-STE parameters (GLS, GCS,
GRS, area strain) were found between the severe and
moderate stenosis groups and the slight and mild sten-
osis groups by Li et al. [21]. Meanwhile, Deng et al. [22]
showed that patients with mild single vessel coronary ar-
tery stenosis had decreased area strain at the involved
segments using four-dimensional echocardiography. The
above differences in myocardial strain may be due to dif-
ferences in demographic characteristics, clinical condi-
tions, involved myocardial segments, or strain
acquisition methods. The present study only included
patients diagnosed with LAD stenosis (not stenosis of
the left circumflex coronary artery or right coronary ar-
tery), which can better reflect the effect of the stenosis
of different coronary arteries on segmental myocardial
strain. Accordingly, the LV dysfunction response to
coronary stenosis may begin early, possibly due to
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Table 4 Univariate correlation coefficients for RS, CS and LS of LAD territory in patients with LAD stenosis

CS (%) RS (%) LS (%)

Variable R value P value R value P value R value P value
Age (years) -0.062 0.597 —-0013 0912 -0.07 0.548
Sex 0.104 0.371 -0.023 0.845 0.242 0.073
BMI (kg/m?) 0.088 0448 0.027 0816 0.061 0.604
Hypertension 0.036 0.756 -0.126 0.276 -0.038 0.747

SBP (mmHg) 0.057 0623 0.102 0.382 0.108 0.352

DBP (mmHg) 0.041 0.728 —0.081 0488 0.042 0.721
DM 0.109 0.349 -0.136 0.241 -0.020 0.864
History of smoking -0.027 0817 -0.14 0.227 —-0.053 0.647
History of drinking -0.035 0.764 -0.06 0.606 —-0.108 0.351
HR 0.052 0.657 0.053 0.649 0.048 0.680
ACEls (Yes/No) -0.181 0.119 0.070 0.550 -0.235 0.041*
Diuretics (Yes/No) -0.014 0.905 0.013 0913 —0.184 0.112
CCBs (Yes/No) —-0.166 0.151 —0.041 0.241 —-0.136 0.241
-Blockers (Yes/No) -0.020 0.864 -0.013 0913 -0.110 0.345
Statins (Yes/No) 0.076 0513 —0.011 0922 —0.091 0435
Hematocrit (%) 0.307 0.093 —-0.067 0.736 —0.024 0.903
Total cholesterol (mmol/L) 0211 0322 0.262 0216 —0.024 0.903
Triglycerides (mmol/L) 0.009 0.969 0.180 0423 0.069 0.749
HDL-C (mmol/L) 0.115 0610 0219 0.328 —0.551 0.008*
LDL-C (mmol/L) 0.365 0.086 -0.125 0.579 -0.203 0.365
Degree of stenosis 0.196 0.090 -0.029 0.803 0438 0.002*
LVEF (%) -0.323 0.005* 0.115 0.324 -0315 0.009%
LVEDV (ml) 0.092 0427 -0.304 0.008* 0.083 0474
LVESV (ml) -0.324 0.002* 0.1 0388 -0.229 0460

Correlation analysis are using Person correlation
*P < 0.05 between groups

BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, LVH left ventricular hypertrophy, ACEls angiotensin-converting enzyme inhibitors,
CCBs channel blockers. HR heart rate, LVEF left ventricular ejection fraction, HDL-C High density liptein cholesterol, LDL-C low density liptein cholesterol, LVEDV left
ventricular end-diastolic volume, LVESV left ventricular end-systolic volume, RS radial strain, CS circumferential strain, LS longitudinal strain

intermittent coronary spasm or transient decreases in
coronary perfusion [23].

Interestingly, in our study, the LS of the LAD territory
was significantly reduced in groups I-IV compared with
the controls, while the CS of the LAD territory was re-
duced in the group with coronary stenosis >50%, and
the RS and LVEF showed no significant differences
among the groups. Meanwhile, compared with non-LAD
territory, groups II-IV had a significantly increased LS in
the LAD territory, but only group III had a significantly
increased CS in the LAD territory, even though no sig-
nificant differences were found between the RS of the
LAD territory and the non-LAD territory in all groups.
These results suggested that LS was more sensitive for
detecting impaired myocardial function than CS or RS.
A previous study indicated that as the degree of ischemia
worsens, ischemia and necrosis spread across the wall
from the endocardium to the epicardium in CAD

patients [24]. Therefore, a possible explanation for this
phenomenon could be that the endocardial myocardium
is composed of longitudinally oriented myocardial fibers
that are the most vulnerable to ischemic injury, which
causes functional alterations at an early stage in this
layer [25], and the LS in the endocardium was found to
be better for the identification of significant stenosis of
the LAD than that in the mid-myocardium or epicar-
dium. In addition, the function of the subendocardial
preliminary myocardial fibers is more easily deteriorated
than the function of the radial peripheral fibers of the
mid-wall. LS is an indicator of vertical function, and its
ability to detect critical LAD size is better than that of
LVEF and other strain parameters. Theoretically, in view
of the above two reasons, it is not surprising that LS has
a superior ability to detect LAD stenosis than LVEF and
other strain parameters.
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In addition, our findings showed that ACEI treatment
was significantly correlated with greater segmental myo-
cardial LS. This suggests a protective effect of ACEI on
myocardial systolic function. Previous meta-analyses
have shown that ACEIs have multiple potential cardio-
protective effects: controlling blood pressure and
reducing LV hypertrophy as well as potentially exerting
anti-atherosclerotic effects [26, 27]. Furthermore, the
mechanism of influencing the coronary artery is an im-
provement in endothelium-dependent vasodilatation by
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Table 5 Intra- and interobserver reproducibility of CT-FT strain

Strain Coefficient ofvariability (%) ICC(95%Cl)

Interobserver variability
LAD CS 70 0.90 (0.86-0.93)
LAD RS 6.7 0.88 (0.79-0.96)
LAD LS 6.5 0.86 (0.84-0.89)
GCS 78 0.96 (0.93-1.00)
GRS 74 0.94 (0.92-1.00)
GLS 6.6 0.87 (0.85-0.93)

Intraobserver variability
LAD CS 59 0.89 (0.84-0.94)
LAD RS 6.6 0.91 (0.86-0.96)
LAD LS 76 0.95 (0.90-0.98)
GCS 6.1 091 (0.88-0.93)
GRS 55 0.86 (0.83-0.91)
GLS 7.2 0.93 (0.90-0.95)

RS radial strain, CS circumferential strain, LS longitudinal strain, GRS global
radial strain, GCS global circumferential strain, GLS global longitudinal strain

increasing the level of bradykinin, increasing the expres-
sion and activity of nitric oxide synthase and reducing
the production of smooth muscle proliferators [28]. This
is also in agreement with previous studies that indicated
the amelioration of systolic function in diabetic patients
through treatment with ACEIL [29, 30]. Similarly, the
structural repair of coronary arteries in hypertensive
heart disease had been detected by long-term treatment
with ACEI [31]. However, the effect of medication on
myocardial LS in CAD patients still needs further
research.

The present study has several limitations. First, this
study was conducted in a single center with a small sam-
ple, limiting the generalizability of the conclusions. Sec-
ond, the patients with CAD were not verified by CAG.
An invasive examination was inappropriate for patients
without an MI history. None of our patients had a his-
tory of myocardial infarction, and CTA was used to rule
out coronary heart disease. Most patients had mild to
moderate stenosis; therefore, no further coronary angi-
ography was performed in most patients. Although CAG
was not performed in all patients (only three patients
underwent CAG), we used coronary CTA images to
assess the degree of coronary stenosis. Third, the heart
rates of some patients during CTA examination were
higher than 60, which might have influenced the strain
assessment. However, no significant difference in the
average heart rate was found between the CAD groups
and the controls. Fourth, coronary artery calcification
scores were not calculated for these patients. Consider-
ing the radiation dose during examination, non-
enhanced cardiac CT scans were not performed. Lastly,
we did not obtain comparison data for cardiac strain on
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CT with 2D-strain echocardiographic or cardiac MR fea-
ture tracking in our subjects, which limits the impact of
the findings. However, CT-derived strain has been
shown to be closely correlated with both echocardio-
graphy and CMR in multiple studies [10-13].

Conclusions

Using the CT-derived strain, our study showed that the
subclinical regional LS was significantly reduced in LAD
stenosis patients compared with the healthy controls
and was inversely correlated with the severity of LAD
stenosis. Moreover, ACEI treatment can ameliorate
decreased regional LS. In the future, a comprehensive,
large-scale study is warranted to further explore the
effects of the degree of stenosis in the three coronary
vessels and medication on LV systolic function in this
population. CT-derived strain may be a novel biomarker
to support early myocardial function assessments and
therapeutic decision-making in ischemic cardiomyopa-
thies or other related diseases.

Abbreviations

CAD: Coronary artery disease; LAD: Left anterior descending artery;

MI: Myocardial infarction; CTA: Computed tomography angiography;

CMR: Cardiac magnetic resonance; VR: Volume rendering; MPR: Multiplanar
reconstruction; CPR: Curved planar reconstruction; MIP: Maximum intensity
projection; SAX: Short axis; HR: Heart rate; LVEF: Left ventricular ejection
fraction; LVEDV: Left ventricular end-diastolic volume; LVESV: Left ventricular
end-systolic volume; RS: Radial strain; CS: Circumferential strain;

LS: Longitudinal strain; GRS: Global radial strain; GCS: Global circumferential
strain; GLS: Global longitudinal strain; ICC: Intra-class correlation coefficient;
AHA: American Heart Association; HDL-C: High-density lipoprotein
cholesterol; LDL-C: Low-density lipoprotein cholesterol

Acknowledgements

We would like to thank all our colleagues for helping us during the current
study. We are also sincerely grateful to all the selfless volunteers who
participated in the study.

Authors’ contributions

Conceptualization: H-SS and JG; Methodology: X-YH and Y-KC; Software: Z-
GJ; Validation: JL, NL, and Y-ML; Formal Analysis: X-YH, Y-KC and TL; Investiga-
tion: X-YH; Resources: Y-KC; Data Curation: X-YH, Y-KC and Z-GJ; Writing —
Original Draft Preparation: X-YH and Y-KC; Writing — Review & Editing: H-SS
and JG; Visualization: JG; Supervision: H-SS; Project Administration: H-SS and
JG; Funding Acquisition: H-SS and JG. All authors read and approved the final
version of the manuscript.

Funding

This study was funded by Hubei Province Key Laboratory of Molecular
Imaging (02.03.2018-90; 02.03.2018-106) and Union Hospital, Huazhong
University of Science and Technology (02.03.2019-101). The funders only
provided funding and had no influence on the study design, data collection,
analysis, or interpretation, the decision to publish, or preparation of the
manuscript.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author upon reasonable request.

Ethics approval and consent to participate

This study was approved by ethics committee of Tongji Medical College of
Huazhong University of Science and Technology and conformed to the
ethical standards laid down in the 1964 Declaration of Helsinki and its later
amendments. All subjects provided written informed consent.

Page 10 of 11

Consent for publication
Not applicable.

Competing interests
All authors declare no conflict of interest related to the submission of this
manuscript, and all authors approved the article for publication.

Author details

'Department of Radiology, Union Hospital, Tongji Medical College,
Huazhong University of Science and Technology, Wuhan 430022, China.
’Hubei Province Key Laboratory of Molecular Imaging, Wuhan 430022, China.
3College of Medical Imaging, Shanghai University of Medicine & Health
Science, Shanghai, China.

Received: 27 April 2020 Accepted: 30 July 2020
Published online: 08 August 2020

References

1. Dariush Mozaffarian, Emelia J. Benjamin, Alan S. Go, DK. Arett, Michael J.
Blaha, Mary Cushman, Sandeep R. Das, S.d. Ferranti, Heart Disease and
Stroke Statistics—2016 Update A Report From the American Heart
Association, Circulation 2016;133:238-360.

2. Herrington W, Lacey B, Sherliker P, Armitage J, Lewington S. Epidemiology
of atherosclerosis and the potential to reduce the global burden of
Atherothrombotic disease. Circ Res. 2016;118:535.

3. Sgarbossa EB, Birnbaum Y, Parrillo JE. Electrocardiographic diagnosis of
acute myocardial infarction: current concepts for the clinician. Am Heart J.
2001;141:507-17.

4. Norell M, Lythall D, Coghlan G, Cheng A, Kushwaha S, Swan J, lisley C,
Mitchell A. Limited value of the resting electrocardiogram in assessing
patients with recent onset chest pain: lessons from a chest pain clinic.
Heart. 1992,67:53-6.

5. C Autore, , L. Agati, ., M. Piccininno, ., S. Lino, ., S. Musaro, . Role of
echocardiography in acute chest pain syndrome, Am J Cardiol 2000,86:41-42.

6. Plank F, Friedrich G, Dichtl W, Klauser A, Jaschke W, Franz WM, Feuchtner G.
The diagnostic and prognostic value of coronary CT angiography in
asymptomatic high-risk patients: a cohort study. Open Heart. 2014;1:
€000096.

7. Takx RA, Partovi S, Ghoshhajra BB. Imaging of atherosclerosis. Int J
Cardiovasc Imaging. 2016;32:5-12.

8. Rumbinaite E, Zaliaduonyte-Peksiene D, Lapinskas T, Zvirblyte R, Karuzas A,
Jonauskiene |, Viezelis M, Ceponiene |, Gustiene O, Slapikas R, Vaskelyte JJ.
Early and late diastolic strain rate vs global longitudinal strain at rest and
during dobutamine stress for the assessment of significant coronary artery
stenosis in patients with a moderate and high probability of coronary artery
disease. Echocardiography. 2016;33:1512-22.

9. Onishi T, Saha SK, Delgado-Montero A, Ludwig DR, Onishi T, Schelbert EB,
Schwartzman D, lii JG. Global longitudinal strain and global circumferential
strain by speckle-tracking echocardiography and feature-tracking cardiac
magnetic resonance imaging: comparison with left ventricular
EjectionFraction. J Am Soc Echocardiogr. 2015;28:587-96.

10.  Greupner J, Zimmermann E, Grohmann A, Diibel HP, Althoff T, Borges AC,
Rutsch W, Schlattmann P, Hamm B, Dewey M. Head-to-head comparison of
left ventricular function assessment with 64-row computed tomography,
biplane left Cineventriculography, and both 2- and 3-dimensional
transthoracic echocardiography : comparison with magnetic resonance
imaging as the reference S. J Am Coll Cardiol. 2012;59:1897-907.

11, Miskinyte E, Bucius P, Erley J, Zamani SM, Tanacli R, Stehning C, Schneeweis
C, Lapinskas T, Pieske B, Falk V, Gebker R, Pedrizzetti G, Solowjowa N, Kelle S.
Assessment of global longitudinal and circumferential strain using
computed tomography feature tracking: intra-individual comparison with
CMR feature tracking and myocardial tagging in patients with severe aortic
stenosis. J Clin Med. 2019;8:1423.

12. Ammon F, Bittner D, Hell M, Mansour H, Achenbach S, Arnold M, Marwan
M. CT-derived left ventricular global strain: a head-to-head comparison with
speckle tracking echocardiography. Int J Cardiovasc Imaging. 2019;35:1701-7.

13. Wai B, Thai WE, Brown H, Truong QA. Novel phase-based noise reduction
strategy for quantification of left ventricular function and mass assessment
by cardiac CT: comparison with cardiac magnetic resonance. Eur J Radiol.
2013;82:337-41.



Han et al. BMC Cardiovascular Disorders

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2020) 20:362

Marwan M, Ammon F, Bittner D, Rother J, Mekkhala N, Hell M, Schuhbaeck
A, Gitsioudis G, Feyrer R, Schlundt C, Achenbach S, Arnold M. CT-derived left
ventricular global strain in aortic valve stenosis patients: a comparative
analysis pre and post transcatheter aortic valve implantation. J Cardiovasc
Comput Tomogr. 2018;12:240-4.

Shiina Y, Inai K, Takahashi T, Shimomiya Y, Nagao M. Clinical impact of
cardiac computed tomography derived three-dimensional strain for adult
congenital heart disease: a pilot study. Int J Cardiovasc Imaging. 2020;36:
131-40.

Tanabe Y, Kido T, Kurata A, Sawada S, Suekuni H, Kido T, Yokoi T, Uetani T,
Inoue K, Miyagawa M, Mochizuki T. Three-dimensional maximum principal
strain using cardiac computed tomography for identification of myocardial
infarction. Eur Radiol. 2017,27:1667-75.

Cerqueira MD, Weissman NJ, Dilsizian V, Jacobs AK, Kaul S, Laskey WK,
Pennel DJ, Rumberger JA, Ryan T, Verani MS. Standardized myocardial
segmentation and nomenclature for tomographic imaging of the heart. A
Statement for Healthcare Professionals From the Cardiac Imaging
Committee of the Council on Clinical Cardiology of the American Heart
Association, Circulation. 2002;105:539-42.

Stankovic |, Putnikovic B, Cvjetan R, Milicevic P, Panic M, Kalezic-Radmili T,
Mandaric T, Vidakovic R, Cvorovic V, Neskovic AN. Visual assessment vs.
strain imaging for the detection of critical stenosis of the left anterior
descending coronary artery in patients without a history of myocardial
infarction. Eur Heart J Cardiovasc Imaging. 2015;16:402-9.

Montgomery DE, Puthumana JJ, Fox JM, Ogunyankin KO. Global
longitudinal strain aids the detection of non-obstructive coronary artery
disease in the resting echocardiogram. Eur Heart J Cardiovasc Imaging.
2012;13:579-87.

Deng YB, Liu R, Wu YH, Xiong L, Liu YN. Evaluation of short-Axis and long-
Axis myocardial function with two-dimensional strain echocardiography in
patients with different degrees of coronary artery stenosis. Ultrasound Med
Biol. 2010;36:227-33.

Li L, Zhang PY, Ran H, Dong J, Fang LL, Ding QS. Evaluation of left
ventricular myocardial mechanics by three-dimensional speckle tracking
echocardiography in the patients with different graded coronary artery
stenosis. Int J Cardiovasc Imaging. 2017;33:1513-20.

Deng Y, Peng L, Liu YY, Yin LX, Li CM, Wang Y, Rao L. Four-dimensional
echocardiography area strain combined with exercise stress
echocardiography to evaluate left ventricular regional systolic function in
patients with mild single vessel coronary artery stenosis. Echocardiography.
2017;34:1332-8.

Ong P, Athanasiadis A, Hill S, Vogelsberg H, Voehringer M, Sechtem U.
Coronary artery spasm as a frequent cause of acute coronary syndrome: the
CASPAR (coronary artery spasm in patients with acute coronary syndrome)
study. J Am Coll Cardiol. 2008;52:523-7.

K. Reimer, RB. Jennings, The “wavefront phenomenon” of myocardial
ischemic cell death. II. Transmural progression of necrosis with in the
framework ischemic bed size (myocardium at risk) and collateral flow,
Laboratory Investigation 1979;40:633-644.

Liu G, Li J, Ren M, Wang ZZ, Li ZY, Gao F, Tian JW. Multilayer longitudinal
strain at rest may help to predict significant stenosis of the left anterior
descending coronary artery in patients with suspected non-ST-elevation
acute coronary syndrome. Int J Cardiovasc Imaging. 2016;32:1675-85.
Al-Mallah MH, Tleyjeh IM, Abdel-Latif AA, Weaver WD. Angiotensin-
converting enzyme inhibitors in coronary artery disease and preserved left
ventricular systolic function: a systematic review and meta-analysis of
randomized controlled trials. J Am Coll Cardiol. 2006;47:1576-83.

Hoang V, Alam M, Addison D, Macedo F, Virani S, Birnbaum Y. Efficacy of
angiotensin-converting enzyme inhibitors and angiotensin-receptor
blockers in coronary artery disease without heart failure in the modern
statin era: a meta-analysis of randomized-controlled trials. Cardiovascular
Drugs & Therapy. 2016;30:189-98.

Dzau VJ. Mechanism of protective effects of ACE inhibition on coronary
artery disease. European Heart J. 1998;19(Suppl J).J2.

Fang ZY, Schull-Meade R, Downey M, Prins J, Marwick TH. Determinants of
subclinical diabetic heart disease. Diabetologia. 2005;48:394-402.

Wong TC, Piehler KM, Kang IA, Kadakkal A, Kellman P, Schwartzman DS,
Mulukutla SR, Simon MA, Shroff SG, Kuller LH, Schelbert EB. Myocardial
extracellular volume fraction quantified by cardiovascular magnetic
resonance is increased in diabetes and associated with mortality and
incident heart failure admission. Eur Heart J. 2014;35:657-64.

Page 11 of 11

B. Schwartzkopff, ., M. Brehm, ., M. Mundhenke, ., BE. Strauer, Repair of
coronary arterioles after treatment with perindopril in hypertensive heart
disease, Hypertension 2000;36:220-225.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study population
	CT scanning protocol and postprocessing
	Assessment of the degree of anterior descending coronary artery stenosis
	Computed tomography feature tracking analysis
	Statistical analysis

	Results
	Clinical characteristics of the study population
	Volume and function of the left ventricle
	Parameters of CT-FT-derived strain among the study groups
	Comparison of strain between LAD territory and non-LAD territory in groups I-IV
	Factors associated with myocardial strain of LAD territory in the patient group
	Intra- and interobserver reproducibility

	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

