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Lijun Zhang', Jinfan Tian’, Xueyao Yang’, Jielin Liu’, Yi He*, Xiantao Song’

'Department of Radiology, Beijing Anzhen Hospital, Capital Medical University, Beijing, China; *Department of Cardiology, Beijing Anzhen
Hospital, Capital Medical University, Beijing, China; *Center for Cardiopulmonary Research, Beijing Anzhen Hospital, Capital Medical University,
Beijing, China; ‘Department of Radiology, Beijing Friendship Hospital, Capital Medical University, Beijing, China

Contributions: (I) Conception and design: Y He, X Song; (II) Administrative support: X Song; (III) Provision of study materials or patients: Y He,
X Song; (IV) Collection and assembly of data: L Zhang, J Tian, X Yang; (V) Data analysis and interpretation: L Zhang, J Tian, ] Liu, Y He; (VI)
Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

Correspondence to: Yi He. Department of Radiology, Beijing Friendship Hospital, Capital Medical University, Beijing, China. Email: Heyil39@sina.com;
Xiantao Song. Department of Cardiology, Beijing Anzhen Hospital, Capital Medical University, Anzhenli Avenue, Chao Yang District, Beijing
100029, China. Email: songxiantao0929@qq.com.

Background: The present study aimed to investigate the benefits of percutaneous coronary intervention
(PCI) in patients with chronic total occlusions (CTOs) by using cardiac magnetic resonance imaging (CMR)
feature tracking.

Methods: Fifty-five CTOs with successful CTO-PCI underwent CMR at baseline and 12 months. Feature
tracking was applied to measure left ventricle strain index in CTOs with decreased and preserved left
ventricular ejection fraction (LVEF). CTOs were also divided into two groups according to the infarct size of
10% or combined with multi-vessel disease. We also measured these parameters in 40 healthy subjects.
Results: Three quarters of CTOs showed preserved ejection fraction and no enlargement of left ventricle
at baseline, but the global strains were lower than the controls (all P<0.01). In the entire CTO population,
left ventricular ejection fraction did not show significant improvement in the 1-year follow-up (59.8%=11.3%
vs. 62.0%+8.6%, P=0.08). However, global strains improved over time, and peak global radial strain and
circumferential strain showed significant treatment effect of CTO-PCI in the entire CTO population
(31.1%%9.9% vs. 34.3%+8.7%, P<0.01; -17.9£3.6 vs. =19.2+3.1, P<0.01), and the subgroup with decreased
LVEEF, infarct size less than 10%, or multi-vessel disease, but not with the 1-vessel disease. In the LAD and
LCX CTO territory, radial and circumferential strain showed treatment effect of CTO-PCI on the recovery
of strain parameters (P<0.01 for both). In the RCA CTO territory, circumferential and longitudinal strain
showed treatment effect of CTO-PCI on the recovery of strain parameters (P<0.05 for both).
Conclusions: In this single center study, global radial strain and circumferential strain showed treatment
effect of successful CTO-PCI at 1-year follow-up in CTOs with the decreased LVEE infarct size less than
10%, or multi-vessel disease, and the regional strain also showed a similar trend. However, the benefit
of CTO-PCI on the strain recovery was not shown in patients with 1-vessel disease. Therefore, whether
patients with CTO benefit from PCI still needs further verification.
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Introduction

Cardiac magnetic resonance imaging (CMR) is often used
to assess left ventricular function and myocardial viability
in patients with coronary chronic total occlusion (CTO)
as primary outcomes or secondary endpoints in follow-up
studies. In recent years, in most of the follow-up studies
on CTO, CMR mainly utilized conventional indices such
as left ventricular ejection fraction (LVEF), left ventricular
end diastolic volume (LVEDV), wall thickening, and semi-
quantitative techniques for detecting myocardial infarction
(MI) (1-3). It, however, remains controversial whether
patients with CTO benefit from percutaneous coronary
intervention (PCI) (3-5), and more evidence is needed to
confirm this aspect. Following the advances in magnetic
resonance imaging (MRI) technology, CMR feature tracking
(CMR-FT) has become a novel technique for quantifying
myocardial deformation by using cine MRI images (6-8).
The late gadolinium enhancement (LGE) semiautomated
grayscale thresholding technique accurately quantifies the
infarct size and thus plays an increasingly strong role in
the diagnosis, risk assessment, and prognosis of ischemic
heart disease (2,9,10). However, few follow-up studies on
CTO-PCI have conducted comprehensive assessment of
myocardial deformation and myocardial fibrosis by LGE.
Thus, the present study aimed to assess the benefits of PCI
in patients with CTO by using CMR-FT and the LGE
semiautomated grayscale thresholding technique. We present
the following article in accordance with the MDAR checklist
(available at https://dx.doi.org/10.21037/qims-21-702).

Methods
Study population

From December 2014 to November 2020, 285 patients
with CTO were analyzed retrospectively. The inclusion
criteria were as follows: (I) age >18 years, (II) documented
stable angina pectoris, (III) confirmed presence of CTO
by coronary angiography, and (IV) performance of CMR.
The exclusion criteria were as follows: (I) acute MI within
the last 3 months; the term acute MI is defined as follows:
at least one increased cardiac troponin level greater than
the 99th percentile upper reference limit; and at least one
of the following: myocardial ischemia symptoms, new
ischemic changes or pathologic Q waves identified on
ECG, imaging results suggesting loss of myocardium or
wall motion abnormalities that are ischemic in nature, or
coronary thrombus identified on angiography; (II) presence
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of nonischemic cardiomyopathy; (III) contraindication to
MR; (IV) history of allergy to gadolinium contrast agents;
(V) Left main artery occlusion; and (VI) renal insufficiency
(glomerular filtration rate <60 mL/min/1.73 m’). We
defined CTO as a chronic total occlusion located in the
one of three main epicardial arteries or the main side
branch with a diameter larger than 2.5 mm. Successful
revascularization of CTO was defined as TIMI blood flow
of the target vessel reaching level 2 or above. Multi-vessel
disease (MVD) was defined as patients with one CTO
lesion concurrent with no less than 75% stenosis in at least
one of the other arteries described above. Adverse cardiac
events included (I) cardiac death, (IT) acute MI, and (III)
progressive heart failure requiring hospitalization. The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). The study protocol was
approved by the Ethics Committee of Beijing AnZhen
Hospital and written informed consent was obtained from
all patients before the study.

For the comparison of strain values, we also
retrospectively formed a healthy control group from April
2018 to April 2020 in a heart medical center. This control
group consisted 40 subjects (age 52.3+12.7 years; male sex,
75%), all of which were asymptomatic, with normal ECG,
no personal history of cardiopathy, free of cardiovascular
disease risk factors and found to have a normal CMR.
Written informed consent was obtained from all healthy
subjects before the study.

CMR protocol

CMR was performed before revascularization of the CTO
arteries. Clinical follow-up information was obtained at
the outpatient clinic where all patients were examined at 6
to 36 months. At 12 months, CMR was performed again.
All patients underwent scanning using a 3T whole-body
scanner (MAGNETOM Verio, A Tim System; Siemens
Healthineers, Erlangen, Germany) with a 32-element matrix
coil. Cine imaging was performed using a retrospective
ECG-gated steady-state free precession technique
(imaging parameters: repetition time/echo time/flip angle
=1.5 ms/3.4 ms/50°, time resolution =41 ms).

LGE imaging was performed at least 10 min after the
intravenous administration of 0.2 mmol of gadolinium
(Magnevist, Bayer Healthcare, Berlin, Germany) per
kg of body weight by using a two-dimensional (2D)
phase-sensitive inversion recovery breath-hold sequence
(repetition time/echo time =4.1/1.56 ms, flip angle =20°,
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field of view =350x284 mm’). Cine cardiac MR imaging and
LGE imaging were performed with 8 mm sections without
intersection gaps in short-axis views (from the base to the
apex) and views (2- and 4-chamber) of the left ventricle
(LV). Cine cardiac MR was also performed in the long-axis
3-chamber view.

CMR strain analysis

Myocardial strain measurements were performed offline
using cvi” (Circle Cardiovascular Imaging, Inc., Calgary,
Canada). Left ventricular endocardial and epicardial borders
were traced by a threshold-based segmentation method at
both end-diastole (defined by the software) and end-systole
(defined as the image with the smallest area of the left
ventricle) in short- and long-axis cine images (2-chamber,
3-chamber, and 4-chamber). Trabeculations and papillary
muscles were excluded from the ventricular volume. LVEF
and LVEDV were measured with the short-axis cine
images in the short 3D module of the software, while the
left ventricular strain was measured with short- and long-
axis cine images in the tissue tracking module (Figure I).
Peak global radial strain (GRS) and global circumferential
strain (GCS) were derived from 2D short-axis acquisitions;
peak global longitudinal strain (GLS) was derived from 2D
long-axis acquisitions. For regional strain analysis, CMR
data were independently analyzed using a 16-segment
mode (Bull’s eye plot), according to the American Heart
Association model.

CMR LGE analysis
The LV endocardial and epicardial traces on the LGE

images were performed manually for determining the
myocardial mass, excluding the papillary muscles and
intertrabecular blood pool from the total myocardial
mass. Normal myocardium was defined visually as a
region of myocardium without any apparent LGE on
visual inspection. The mean signal intensity and standard
deviation (SD) were determined by drawing a region of
interest (ROI) in a portion of the normal myocardium (a
sample of at least 100 pixels per ROI) on three consecutive
midventricular image sections (Figure 2). The mean
signal intensities and SDs were averaged across the three
midventricular sections to yield an average mean signal
intensity and SD. The presence and quantity of LGE were
determined with grayscale thresholds of 5 SDs. The total
myocardial mass (TMM), total myocardial volume (TMYV)
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of the LV, total enhanced mass (TEM), total enhanced
volume (TEV), and the proportion of TEV to TMV (EV%)
in 5 SDs were recorded.

Reproducibility

Two experienced radiologists analyzed the left ventricular
myocardial strain, and LGE images. Twenty cases were
analyzed to test interobserver agreement. Intraobserver
agreement was analyzed in all 55 cases at intervals of 4 weeks
or longer. To measure interobserver and intraobserver
agreement, the endocardial and epicardial borders were
retraced, and the thresholds were redetermined.

Statistical analysis

According to the presence of baseline decreased LV ejection
fraction (LVEF <50%), we categorized the patients with
CTOs into left ventricular ejection fraction decreased
(CTOs-LVEFd) group and preserved ejection fraction
(CTOs-LVEFp) group. CTOs were also divided into two
groups according to the baseline infarct size of 10% or
combined with multi-vessel disease (MVD). Continuous
data are reported as mean = SD. Baseline characteristics
were compared using the independent samples #-test or
the Mann-Whitney U test for continuous variables and
chi-square test for categorical variables. Differences in
LVEF, strain, and LGE parameters between follow-up
and baseline were compared by paired #-test. Differences
in LVEF and strain between controls and CTOs were
compared by independent #-test. Correlations between
CMR parameters were assessed using Pearson’s correlation
coefficient. Intraclass correlation coefficient (ICC) was used
for comparing interobserver and intraobserver variability.
SPSS statistics (version 21, IBM, Armonk, New York, USA)
was used for data analysis. Statistical significance was set at
P<0.05.

Results

From December 2014 to November 2020, 86 of the 285
patients with CTO underwent baseline and follow-up CMR.
Among them, 68 patients underwent PCI successfully. Four
patients with acute MI within 3 months before PCI, one
patient with Left main artery occlusion and eight patients
with limited MR images were excluded. Over a median
follow-up period of 12 months (range: 8-29 months),
55 patients (56.9£11.3 years, 81.8% males) with successful
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Figure 1 Examples of CMR feature tracking (FT) for quantification of myocardial deformation. (A-D) Cine CMR. Strain curves derived
from FT analysis show peak global systolic radial strain (GRS) (E), circumferential strain (GCS) (F), and longitudinal strain (GLS) values (G).
(H-]) FT analysis shows regional wall motion abnormality of the basal to mid-septal and inferior wall. (K-M) Coronary angiography showed
occlusion of the right coronary artery (K) and successful PCI (L).
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Figure 2 Examples of grayscale thresholding techniques on LGE images. LGE imaging before planimetry (A) and thresholding techniques

were performed (B). The 16-segment mode (Bull’s eye plot), according to the American Heart Association standard segmentation. The

values shown in the 16 segments are the segmental infarct extent (C).

CTO-PCI were included in data analysis. Only one coronary
artery occlusion was present in each case in this study, and
the main target vessels of CTO were left anterior descending
artery (LAD) [n=23 (41.8%)] and right coronary artery (RCA)
[n=24 (43.6%)]. Thirty-two patients (58.2%) of CTOs were
MVD. In the MVD, the CTO was recanalized, and other
significant coronary stenosis was also treated to achieve
TIMI blood flow level 2 or above. During 1-year follow-up,
no patient experienced adverse cardiac events; however, stent
restenosis occurred in two patients.

CMR baseline characteristics

The global strain values (GRS, GCS, and GLS) by
CMR-FT of all 55 CTOs were available at baseline. In
the total CTOs population, the mean baseline LVEF
was 59.8%=x11.3%, LVEDV was 118.2+30.8 mL, TEM
was 10.4£12.4 g, and mean baseline infarct extent was
11.7%+10.1% of the myocardium. Furthermore, 75%
(41/55) of patients with CTOs showed no reduction in
LVEF (>50%). Compared with the control group, LVEF
of CTOs was lower (P<0.01), while LVEDV was similar
(P=0.82). GRS, GCS, and GLS of CTOs were lower than
the control group (all P<0.01). Baseline characteristics of
the study population are shown in 7able 1. GRS, GCS,
and GLS were strongly correlated with LVEF (r=0.82,
r=0.83, r=0.70, respectively, P<0.01 for all). GRS and GCS
were moderately correlated with TEM (r=-0.44, r=-0.47,
respectively, P<0.05 for both), while GLS was weakly
correlated with TEM (r=-0.24, P=0.08).
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For regional strain analysis, 138 segments in LAD CTO
territory, 120 segments in RCA CTO territory and 40
segments in left circumflex coronary artery (LCX) CTO
territory were analyzed, and the regional strain data of the
control group were also collected. The radial strain (RS),
circumferential strain (CS) and longitudinal strain (LS) in
LAD CTO territory were lower than the control group
34.73% vs. 43.45%, -18.72% vs. -21.60%, -14.14% wvs.
-19.57%, respectively, all P<0.01), and the RCA and LCX
CTO territory also showed the same trend in each strain
index [(29.67% wvs. 40.10%, -16.63% vs. -20.53%, -12.66%
vs. =17.24%, respectively, all P<0.01), (32.96% wvs. 50.0%,
-18.12% wvs. -23.85%, -16.16% wvs. =19.06%, respectively,
all P<0.01)].

CTO strain and LGE at follow-up

Follow-up CMR of all 55 CTOs were available. In the
entire CTO population, GRS, GCS, and GLS improved
slightly from baseline to 1 year of follow-up, and GRS and
GCS showed treatment effect of CTO-PCI on the recovery
of global strain parameters (AGRS =3.2%=8.6%, P<0.01;
AGCS =-1.3%=+3.2%, P<0.01; AGLS =-0.5%+2.9%,
P=0.23). LVEF did not improve significantly in the 1-year
follow-up (59.8%+11.3% vs. 62.0%=8.6%, P=0.08), and
LVEDYV did not change significantly (118.2+30.8 wvs.
119.6+28.8 mL, P=0.68). In the entire CTO population,
no significant increase was noted in the TEM and infarct
extent from baseline to 1 year of follow-up (P>0.05 for
both) (Table 2). GRS, GCS and GLS of follow-up were
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Table 1 Baseline characteristics and CMR findings of CTOs and controls

Characteristics CTOs Controls P value
N 55 40
Male sex 45 (81.8) 30 (75.0) 0.42
Age (years) 56.9+11.3 52.3+12.7 0.07
Body-mass index (kg/m?) 25.8+2.5 26.5+£2.7 0.22
Hypercholesterolemia, n (%) 24 (43.6) 0(0)
Hypertension, n (%) 29 (562.7) 0(0)
Diabetes mellitus, n (%) 14 (25.5) 0(0)
Smoking history, n (%) 30 (54.5) 0(0)
Previous myocardial infarction, n (%) 10 (17.9) 0(0)
Previous bypass surgery, n (%) 0(0) 0(0)
Previous PCI, n (%) 16 (29.1) 0(0)
Family history of coronary artery disease, n (%) 4(7.3) 0(0)
Coronary artery disease 0(0)
1-vessel disease 23 (41.8) -
2-vessel disease 9(16.4) -
3-vessel disease 23 (41.8) -
Target CTO vessel 0(0)
LAD 23 -
LCX 8 -
RCA 24 -
CMR findings
LVEF (%) 59.8+11.3 66.8+6.1 <0.01
Heart failure (LVEF <50%), n (%) 14 (25.5) 0(0)
LVEDV (mL) 118.2+30.8 119.5+26.8 0.82
LVESV (mL) 48.7+21.8 40.1+12.9 0.02
GRS (%) 31.1£9.9 41.0£7.0 <0.01
GCS (%) -17.9+3.6 -21.5+£2.0 <0.01
GLS (%) -14.5+3.1 -18.9+1.4 <0.01
Total myocardial mass (g) 83.7+24.5 0(0)
Total myocardial volume (mL) 79.8+23.4 0(0)
Total enhanced mass (g) 10.4+12.4 0(0)
Total enhanced volume (mL) 9.9+ 11.9 0(0)
Enhanced Volume (%) 11.0£10.7 0(0)
Medication
Beta blocker, n (%) 41 (74.5) -
Nitrate, n (%) 28 (50.9)
ACEI, n (%) 21(38.2)
Loop diuretics/thiazide diuretics 3 (5.5)
MRA 1(1.8)

Values are mean + SD or n (%). LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular
end-systolic volume; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain; ACEI, angiotensin con-
verting enzyme inhibitors; MRA, mineralocorticoid receptor antagonist.
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Patient-based Baseline (n=55) Follow-up (n=55) P value
LVEF (%) 59.8+11.3 62.0+8.6 0.08
LVEDV (mL) 118.2+30.8 119.6+28.8 0.68
LVESV (mL) 48.7+21.8 48.8 +21.4 0.95
GRS (%) 31.1+9.9 34.3+8.7 0.009
GCS (%) -17.9+3.6 -19.2 +3.1 0.003
GLS (%) -14.5+3.1 -14.9+2.9 0.23
Total myocardial mass (g) 83.7+24.5 85.0+23.4 0.58
Total myocardial volume (mL) 79.8+23.4 81.0+22.3 0.58
Total enhanced mass (g) 10.4+£12.4 11.4+£12.2 0.29
Total enhanced volume (mL) 9.9+ 11.9 10.8£11.6 0.29
Enhanced Volume (%) 11.0+10.7 11.9+10.4 0.37

Values are mean + SD or n (%). LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVESYV, left ventricular
end-systolic volume; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain.

moderately correlated with TEM (r=-0.38, r=-0.42,
r=-0.39, respectively, all P<0.05).

In the LAD and LCX CTO territory, RS and CS
improved slightly from baseline to 1 year of follow-up, and
showed treatment effect of CTO-PCI on the recovery of
strain parameters [(ARS =4.85%+16.68%, P<0.01; ACS
=1.64%=5.05%, P<0.01; ALS =-0.63%=+12.38%, P=0.55),
(ARS =6.70%=17.97%, P=0.02; ACS =2.41%+6.42%,
P=0.02; ALS =-0.79%=10.32%, P=0.64), respectively].
In the RCA CTO territory, RS, CS and LS improved
slightly from baseline to 1 year of follow-up, and CS and
LS showed treatment effect of CTO-PCI on the recovery
of strain parameters (ARS =2.40%+14.0%, P=0.06; ACS
=1.07%=5.60%, P=0.04; ALS =2.0%=10.58%, P=0.04).

Subgroup analysis
Fourteen CTOs showed reduction in LVEF (<50%) and

41 CTOs showed preserved ejection fraction at baseline.
The LVEF and LVEDV of CTO-LVEFp group were not
significantly different from the control group at baseline
(P>0.05 for both), but the GRS, GCS, and GLS of CTO-
LVEFp group at baseline were lower than those of the
control group (P<0.01 for all) (Tzble 3, Figure 3). The
LVEF, GRS, GCS, and GLS of CTO-LVEFd group at
baseline were lower than those of the CTO- LVEFp group
(P<0.01 for all). After PCI, the number of patients with
decreased left ventricular function decreased from 14 at

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

baseline to 5 in the 1-year follow-up. GRS and GCS of
CTO-LVEFd group showed treatment effect of CTO-
PCI on the recovery of global strain parameters (AGRS
=7.0%+8.1%, P<0.01; AGCS =-3.1%+3.0%, P<0.01; AGLS
=-1.1%=3.3%, P=0.25), and LVEF of CTO-LVEFd group
improved significantly in the 1-year follow-up (P<0.01)
(Figure 3). But in the CTO-LVEFp group, no significant
increase was noted in the LVEF, GRS, GCS, and GLS from
baseline to 1 year of follow-up (P>0.05 for all). Medication
use among CTO-LVEFd group was similar with those
among CTO-LVEFp group (P>0.05) (Table S1).

In the subgroup analysis, 23 CTOs had an infarct size
greater than 10% (CTO-EVg) and 32 CTOs had an
infarct size lower than 10% (CTO-EVI). The LVEF, GRS,
GCS, and GLS of the two group at baseline were lower
than those of the control group (P<0.05 for all) (Table 3).
However, the LVEDV of these two groups did not increase
significantly compared with the control group. There was
no significant difference in LVEE, LVEDV, GRS, GCS and
GLS between the two groups at baseline. GRS and GCS
of CTO-EVI group showed treatment effect of CTO-
PCI on the recovery of global strain parameters (AGRS
=3.7%%9.3%, P=0.03; AGCS =-1.5%=+3.2%, P=0.02;
AGLS =-0.9%+3.0%, P=0.12). In the CTO-EVg group, no
significant increase was noted in the LVEFE, LVEDV, GRS,
GCS and GLS from baseline to 1 year of follow-up (P>0.05
for all) (Figure 4).

Thirty-two patients (58.2%) of CTOs were MVD and 23
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Table 3 Subgroup analysis for the LVEF and LGE of CTOs
Variables LVEF, (n=41) LVEF, (n=14) P value EV <10% (n=32) EV =10% (n=23) P value
LVEF (%)
Baseline 64.9+7.9 44.8+3.4 <0.01 62.0+11.6 56.8+10.2 0.09
1-year follow-up 64.5+6.5 54.8+9.9 <0.01 63.4+7.6 60.1+9.5 0.15
Change in LVEF -0.43+7.2 10.0+10.8 <0.01 1.5+10.2 3.3+8.0 0.48
LVEDV (mL)
Baseline 114.8+31.8 128.1+26.2 0.16 111.2+28.4 128.0+31.8 0.05
1-year follow-up 117.7£31.1 125.1+20.6 0.41 116.0+29.1 124.4+28.3 0.29
Change in LVEDV 2.9+24 1 -3.0+25.5 0.45 4.9+27.8 -3.5+18.0 0.21
GRS (%)
Baseline 34.3+9.2 21.8+4.4 <0.01 33.1+10.5 28.5+8.5 0.09
1-year follow-up 36.2+8.1 28.8+8.5 <0.01 36.8+8.8 30.9+7.6 0.01
Change in GRS 1.9+8.5 7.0+8.1 0.05 3.7£9.3 2.4+7.7 0.58
GCS (%)
Baseline -19.1+3.1 -14.1£2.2 <0.01 -18.6+3.7 -16.8+3.4 0.08
1-year follow-up -19.9+2.8 -17.2+3.1 <0.01 -20.1+2.9 -17.9+2.9 0.01
Change in GCS —-0.7+3.0 -3.1£3.0 0.02 -1.5+3.2 -1.1£3.1 0.66
GLS (%)
Baseline -15.3+2.9 -12.1£2.7 <0.01 -14.8 £3.2 -14.0 £3.0 0.35
1-year follow-up -15.5+2.7 -13.2+2.7 <0.01 -15.7+2.8 -13.9+2.8 0.08
Change in GLS -0.3+2.8 -1.1+3.3 0.39 -0.9+3.0 0.1+2.8 0.25
TEM (9)
Baseline 4.6+4.3 19.7+11.8 <0.001 3.4+3.2 20.6+13.7 <0.01
1-year follow-up 5.9+7.8 20.0+12.9 <0.001 5.7+6.4 19.6+13.9 <0.01
Change in TEM 1.0+5.8 0.9+9.1 0.95 2.2+4.3 -0.8+9.0 0.15
Enhanced volume (%)
Baseline 5.4+4.4 21.4+8.5 <0.001 4.9+2.9 21.5+9.3 <0.01
1-year follow-up 6.3+6.2 20.6+10.3 <0.001 6.5+6.1 19.6+10.6 <0.01
Change in EV 1.1£6.2 -0.2+9.0 0.68 2.6+4.8 -1.7+8.7 0.04

Values are mean + SD. LVEF,, left ventricular ejection fraction decreased; EV, enhanced volume; LVEF,, left ventricular ejection fraction
preserved; TEM, total enhanced mass; GRS, global radial strain; GCS, global circumferential strain; GLS, global longitudinal strain.

patients were 1-vessel disease. The baseline GRS, GCS, and
GLS of two groups were lower than those of the control
group (P<0.01 for all), which were similar in both group
(P>0.05 for all) (Table 4). The baseline LVEF of 1-vessel
disease was similar with the control group (P=0.26), while
the baseline LVEF of MVD was lower than the control

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

group (P<0.01). The baseline LVEDV of two groups were
similar with the control group (P>0.05 for both). The
baseline LVEF of MVD were lower than 1-vessel disease,
while global strain parameters were similar (P>0.05 for all).
GRS and GCS of MVD group showed treatment effect
of CTO-PCI on the recovery of global strain parameters
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Figure 3 Comparison of left ventricular global strain parameters
between baseline and 1-year follow-up based on the presence of
baseline decreased LV ejection fraction (LVEF <50%). LVEFp,
CTOs with preserved left ventricular ejection fraction; LVEFd,
CTOs with decreased left ventricular ejection fraction; GRS, peak
global radial strain (%); GCS, peak global circumferential strain
(%); GLS, peak global longitudinal strain (%); *, P<0.05.

(AGRS =-4.4%+8.5%, P<0.01; AGCS =-1.8%=%3.1%,
P<0.01; AGLS =-0.7%%2.6%, P=0.15), and LVEF also
showed improvement (P=0.02). In the 1-vessel disease, no
significant increase was noted in the LVEE, GRS, GCS, and
GLS from baseline to 1 year of follow-up (P>0.05 for all)

(Figure 5).

Interobserver and intraobserver agreement

Intraobserver reproducibility was excellent between the first
and second evaluations for three global strain parameters
(ICC =0.88-0.94, P<0.01). Interobserver reproducibility was
also excellent between two observers for three global strain
parameters (ICC =0.80-0.95, P<0.01). For the regional
strain parameters, the intraobserver reproducibility of
regional strains of the LAD, LCX, and RCA territory were
excellent in RS and CS (ICC =0.83-0.91, P<0.01), and the
intraobserver reproducibility were good in LS (ICC =0.56-
0.80, P<0.01); the interobserver reproducibility between
two observers for regional strains of the LAD, LCX, and
RCA territory were also excellent in RS and CS (ICC

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Zhang et al. A CTO follow-up study on CMR myocardial strain

[ Controls

[ EV<10%-baseline
[ EV=10%-follow up
M EV>10%-baseline
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Figure 4 Comparison of left ventricular global strain parameters
between baseline and 1-year follow-up based on the infarct size (EV
<10%). EV, enhanced volume; GRS, peak global radial strain (%);
GCS, peak global circumferential strain (%); GLS, peak global
longitudinal strain (%); *, P<0.05.

=0.88-0.91, P<0.01), and the interobserver reproducibility
was good in LS (ICC =0.59-0.81, P<0.01).

Intraobserver agreement was good with the 5 SDs
thresholding method in all patients (ICC =0.94, P<0.01).
Interobserver agreement was also good with the 5 SDs
thresholding method in 20 patients (ICC =0.87, P<0.01).

Discussion

The main findings of the present study are as follows: (I)
three quarters of CT'Os showed preserved ejection fraction
and no enlargement of left ventricle at baseline, but the
global strains were lower than the controls; (II) In the total
CTOs population, global strains improved over time, and
GRS and GCS showed a significant treatment effect of
successful CTO-PCI; (IIT) GRS and GCS of CTO-LVEFd
and CTO-EVI group showed treatment effect of CTO-
PCI on the recovery of global strain parameters; (IV) in the
MVD, when the CTO and the other significant coronary
stenosis were recanalized, GRS and GCS showed treatment
effect of CTO-PCI on the recovery of global strain
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Table 4 Subgroup analysis for the Multi-vessel and CMR strain of CTOs

Variables 1-vessel (n=23) Multi-vessel (n=32) P value
LVEF (%)

Baseline 64.3+9.7 56.6+11.3 0.01

1-year follow-up 63.1+£8.9 61.3+8.4 0.44

Change in LVEF -1.2+6.5 4.7 +10.3 0.02
LVEDV (mL)

Baseline 112.4+28.2 122.4+32.2 0.24

1-year follow-up 114.3+24.3 123.4+31.5 0.25

Change in LVEDV 1.9+20.5 1.0+27.1 0.90
GRS (%)

Baseline 33.7+8.7 29.3+10.4 0.11

1-year follow-up 35.1+8.1 33.7+9.3 0.56

Change in GRS 1.5+8.7 4.4+8.5 0.21
GCS (%)

Baseline -18.9+3.2 -17.1+3.8 0.08

1-year follow-up -19.6+2.9 -18.9+3.2 0.44

Change in GCS -0.7+3.2 -1.8+3.1 0.22
GLS (%)

Baseline -15.3+2.9 -13.9+3.2 0.10

1-year follow-up -15.5+2.7 -14.5+3.0 0.23

Change in GLS -0.2+3.4 -0.7+2.6 0.56
TEM ()

Baseline 11.5+£11.8 10.0+13.1 0.67

1-year follow-up 11.4+£10.1 11.3+13.6 1.0

Change in TEM 0.4+7.1 1.3+6.6 0.64

Enhanced volume (%)

Baseline 12.6+10.7 10.3+10.9 0.44
1-year follow-up 11.9+8.5 11.9+11.6 1.0
Change in EV -0.2+6.1 1.6+7.4 0.37

Values are mean + SD or n. TEM, total enhanced mass; EV, enhanced volume; GRS, global radial strain; GCS, global circumferential strain;
GLS, global longitudinal strain.

parameters; (V) in the CTO territory, the regional analysis images, without additional pulse sequences. It is widely used
showed treatment effect of CTO-PCI on the recovery of in the diagnosis of various cardiovascular diseases, including
strain parameters; (VI) in the 1-vessel disease, no strain ischemic heart disease. Previous studies have demonstrated
treatment effect of CTO-PCI was noted in the 1 year of an excellent intra- and interobserver reproducibility as
follow-up. well as a good interstudy agreement (11-13). Our present

CMR-FT technology can be applied to routine cine study also showed similar results. There is no unanimous
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Figure 5 Comparison of left ventricular strain parameters between
baseline and1-year follow-up based on multi-vessel disease. MVD,
multi-vessel disease; GRS, peak global radial strain (%); GCS, peak
global circumferential strain (%); GLS, peak global longitudinal
strain (%); *, P<0.05.

opinion on the accuracy of CMR-FT 2D and 3D technique
for measuring myocardial strain. A previous study showed
that the 2D technique is more reliable and repeatable (11);
hence, 2D strain parameters were used in the present
study. It should be noted that GCS and GLS has better
reproducibility than GRS. Normal values of GCS, GLS,
and GRS range from -17% to -25%, from -16% to -21%,
and from 35% to 51%, respectively (6,14). The strain values
of our healthy control group (GCS=-22%, GLS =-19%,
GRS =41%) were also consistent with the previous reports.
LVEF reflects the global function of the LV, but it
cannot distinguish the regional myocardial strain in
different directions, and it cannot reflect the early damage
caused by heart disease. CMR-FT technology provides an
incremental value for risk stratification in various cardiac
diseases (15-17). Some studies have shown that feature
tracking-derived GLS is a powerful independent predictor
of adverse outcomes in patients with reduced ejection
fraction (18-20). An important predictive value of GLS
was also shown in another multicenter study of patients
with preserved ejection fraction, incremental to common
clinical and imaging risk factors (age, body mass index,
diabetes, hypertension, heart rate, diastolic blood pressure,
left ventricular end-diastolic volume index, left ventricular
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ejection fraction, left atrial volume, LGE, right ventricular
ejection fraction) (21). This previous study also showed
that patients with GLS > median (-20%) had significantly
reduced event-free survival as compared to those with GLS
< median. In our present study, most of the CTOs (75%)
had no reduction in LVEF (>50%), but the mean GLS
at baseline (-14.5%) and 1-year follow-up (-14.9%) was
lower than the controls without significant improvement
after PCIL. In the subgroup analysis, there was no significant
improvement was noted in GLS. Therefore, although most
of CTOs with preserved ejection fraction in the present
study and no major cardiovascular events occurred during
the 1-year follow-up, GLS decreased and did not improve
after successful PCI, which reflected the early damage of
cardiac function and may be considered as a potential risk
factor.

The independent prognostic value of GCS is
controversial. The baseline GCS (-18%) of CTOs in our
group was lower than the healthy controls (22%) in our
study and previously reported in healthy population (8,22).
GCS in our study showed treatment effect of CTO-PCI
on the recovery of global strain parameters, especially for
the subgroup with decreased LVEE, infarct size less than
10%, and MVD. A study on tagging also showed that GCS
has incremental independent prognostic value in addition
to the clinical variables of LVEF and LGE (23). Mangion
et al. showed that circumferential strain has independent
prognostic importance in study participants with acute ST-
segment elevation myocardial infarction (24). However,
other follow-up studies of acute MI did not support this
finding (25-27). Thus, more evidence needs to be provided
in the future.

GRS, GCS and GLS of CTOs were significantly
decreased compared with the control group, and the
decrease of GRS and GCS was more obvious in the subgroup
with myocardial infarction size greater than 10%, which
was consistent with the pathophysiological characteristics
of ischemic heart disease. Myocardial ischemic infarction
generally involved subendocardium first, then to the middle
and epicardium of myocardium. Circumferential myofibers
are located within the midwall; therefore, transmural MI
or larger infarct size is more likely to cause the dysfunction
of GCS. We also found that CTO with small infarct size
(EV <10%) is more likely to benefit from GCS functional
recovery after successful PCI. Longitudinal myofibers
are distributed within the subendocardium of the heart;
therefore, it is more susceptible to myocardial ischemia or
MI caused by epicardial artery stenosis. Despite successful
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revascularization of CTO, GLS did not improve even in
small infarct size in our study.

A recent study on fast-strain encoded magnetic resonance
(fast-SENC) showed that the % normal myocardium,
determined by fast-SENC, enables improved identification
of asymptomatic patients with subclinical LV dysfunction
compared with LV ejection fraction and risk stratification of
patients with so far asymptomatic heart failure (28). They
used Cutoff value of <-17% for “normal” myocardium,
and measured the total number of segments per patient
with LS or CS <-17%. In our study, the analysis based on
CMR baseline data shows that three quarters of CTOs
showed preserved ejection fraction and no enlargement of
left ventricle at baseline, but the global strains were lower
than the controls, may also indicating early damage to left
ventricular function or subclinical LV dysfunction. The
decrease of the regional strains in CTO territory were
lower than the control group also indicates that coronary
artery occlusion has caused changes in regional myocardial
mechanics. In the entire CTO population, GRS, GCS, and
GLS improved slightly from baseline to 1 year of follow-
up, and GRS and GCS showed treatment effect of CTO-
PCI on the recovery of global strain parameters. The
regional strains in CTO territory also showed the slightly
improvement. But LVEF did not improve in the 1-year
follow-up in the entire CTO population. This may indicate
that there is a subclinical improvement in left ventricular
function.

The CMR LGE technique is routinely used in clinical
work. It can accurately quantify infarcted myocardium and
evaluate the prognosis of heart disease. For patients with
ischemic heart disease or nonischemic heart disease, the
larger the area of LGE in CMR, the worse is the prognosis
(29,30). A study also showed that when the myocardial
ischemic area of coronary heart disease is greater than
10-12.5% (31), PCI is better than medical therapy.
Therefore, this study tried to use 10% of the infarct size as
the subgroup classification basis. A previous study showed
that semiautomated LGE CMR grayscale thresholding with
5 SDs yields the strongest correlation of the extent of LGE
identified with PET and is highly reproducible in patients
with CTO (9). In the present study, the baseline TEM was
small in CTOs, which is consistent with other previous
studies (32,33).

Conclusions

In conclusion, in this small-sample single center study, GRS
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and GCS showed treatment effect of successful CTO-PCI
at 1-year follow-up in CTOs with the decreased LVEF,
infarct size less than 10%, or MVD, and the regional strain
also showed a similar trend. However, the strain treatment
effect of CTO-PCI was not shown in patients with 1-vessel
disease. Therefore, whether patients with CTO benefit
from PCI still needs further verification.

Study limitations

Our study has some limitations. This is a single center study
with limited number of patients. The non-PCI group of
CTOs was not included in this study because the number of
patients with 1-year MRI follow-up was too small. Although
there was no significant difference in age and gender
between the CTO group and the control group, the age was
not fully matched because there were fewer healthy people
over 65 years old. Patients with single vessel CT'O may not
profit in terms of strain recovery but may profit in terms
of reduction in ischemic area or clinical symptoms. In the
future, we will increase the sample size, evaluate myocardial
ischemia, clinical symptoms to further confirm the results
of the present research.
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Supplementary

Table S1 Medical history for the CTOs with left ventricular ejection fraction decreased or preserved

LVEF, (n=41) LVEF4 (n=14) X% value P value
Beta blocker, n 31 10 0.59 0.96
Nitrate, n 22 6
ACEI, n 15 6
Loop/thiazide diuretics/MRA, n 3 1

LVEF,, left ventricular ejection fraction decreased; LVEF,, left ventricular ejection fraction preserved.
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