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Abstract

Background: Revascularization procedures for chronic complete occlusion (CTO) are 
technically challenging but aim to improve left ventricular (LV) function. The aim of this study 
is to evaluate the value of global longitudinal strain (GLS) measured by 2D-speckle tracking 
echocardiography( 2D-STE) in the assessment of LV reverse remodeling in patients with CTO 
undergoing revascularization by percutaneous coronary intervention (PCI).

Methods: Our study included 54 patients with CTO treated by PCI. We evaluate LV systolic 
function by measurement of left ventricular ejection fraction (LVEF), left ventricular end-systolic 
volume (LVESV), and the GLS within 24 hours before the PCI and after 3 months post-procedure. 

Results: The mean age of the patients was 56.65 ± 7.65 years; 74.1% were males. There 
was a signifi cant improvement in the LVESV (p < 0.001), LVEF (p < 0.001), and GLS (p < 0.001) 
at 3 months post-PCI, and by multivariate regression analysis, the GLS was the single most 
signifi cant predictor of LV reverse remodeling post revascularization (p < 0.001).

Conclusion: Revascularization of coronary CTO lesions by PCI is associated with a 
signifi cant improvement in regional and global LV function. The GLS measured by 2D-STE is a 
strong predictor of LV reverse remodeling post-CTO interventions.

Artery; LDL: Low-Density Lipoprotein Cholesterol; LV: Left 
Ventricle; LVEDV: Left Ventricular End-Diastolic Volume; 
LVEF: Left Ventricular Ejection Fraction; LVESV: The Left 
Ventricular End-Systolic Volume; NSTEMI: Non-ST-Segment 
Elevation Myocardial Infarction; PCI: Percutaneous Coronary 
Interventions; RCA: Right Coronary Artery; RLS: Regional 
Longitudinal Strain; ROC: Receiver Operator Characteristic; 
STEMI: ST-Segment Elevation Myocardial Infarction; SYNTAX: 
The Synergy between PCI with Taxus and Cardiac Surgery; 
UA: Unstable Angina

Introduction 

Coronary chronic total occlusion (CTO) is known as 
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Speckle Tracking Echocardiography; ACS: Acute Coronary 
Syndrome; CABG: Coronary Artery Bypass Graft Surgery; 
CAD: Coronary Artery Disease; CCS: Canadian Cardiovascular 
Society; CTO: Chronic Total Occlusion; DM: Diabetes Mellitus; 
E: Early Mitral In low Velocity; e’: Mitral Annulus Early 
Diastolic Velocity; ECG: Electrocardiogram; eGFR: Estimated 
Globular Filtration Rate; GLS: Global Longitudinal Strain; 
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100% obstruction of a coronary artery with thrombolysis 
in myocardial infarction (TIMI) low grade 0 lasting more 
than three months [1,2]. Although technically dif icult, 
revascularization procedures for CTOs are intended to 
improve the patient’s exercise capacity, patients symptoms, 
and left ventricular (LV) function, and ultimately decrease 
the morbidity and the need for coronary artery bypass graft 
surgery (CABG) [3]. Two-dimensional speckle tracking 
echocardiography (2D-STE) is becoming a more objective 
technique to evaluate LV systolic function by measuring active 
myocardial deformation [4-6]. Applying the global longitudinal 
strain (GLS) and the regional longitudinal strain (RLS), which 
have been shown to be more accurate in identifying the LV 
myocardial ischemia and more reliable than LV ejection 
fraction (LVEF) in the detection of subclinical recovery of 
dysfunctional but viable myocardium [7-9], accordingly, the 
aim of this study is to evaluate the value of GLS measured by 
2D-STE in the assessment of LV reverse remodeling in patients 
with CTO undergoing revascularization by percutaneous 
coronary intervention (PCI).

Materials and methods
Study design

This is a single-center, prospective, and observational study 
that was conducted from December 2021 until December 2022 
in the cardiology department, at Alexandria Main University 
Hospitals, Alexandria, Egypt, and included 54 patients with 
angiographic CTO and treated by PCI. The Medical Ethics 
Committee of the Faculty of Medicine, Alexandria University 
approved the study protocol (IRB NO: 00012098, FWA NO: 
00018699, and serial NO: 0106956). Informed consent was 
obtained from all participants before enrollment in the study 
after a full explanation of the purpose and nature of the study.

Inclusion criteria

All patients who had ischemic heart disease (IHD) and 
were diagnosed with coronary angiography as having CTO of 
only one of the main coronary territories were included. The 
IHD diagnosis before coronary angio was either by signi icant 
resting 12-lead ECG changes, presence of resting regional wall 
motion abnormalities upon transthoracic echocardiographic 
evaluation, or by one of the following stress modalities 
(myocardial perfusion study using radioactive isotopes, or 
dobutamine stress echocardiographic studies).

Exclusion criteria

We excluded patients who had poor echocardiographic 
windows, severe renal impairment (creatinine clearance < 30 
ml/min), left bundle branch block (LBBB), atrial ibrillation, 
cardiac pacemaker, previous CABG, signi icant valvular lesion, 
or angiographically signi icant and intermediate low-limiting 
lesions in other vessels.

Methods

All patients included in the study were subjected to the 
following:

Demographic and medical history evaluation: 
Including age, sex, history of diabetes mellitus, hypertension, 
dyslipidemia, cigarette smoking, family history of coronary 
artery disease (CAD), history of previous acute coronary 
syndrome (ACS), prior PCI, and angina pain analysis according 
to the Canadian Cardiovascular Society (CCS) angina 
classi ication.

Laboratory evaluation: Including renal functions, 
complete blood count, lipid pro ile, and HbA1c. A 12-lead 
surface electrocardiogram (ECG) was done on all patients to 
document ST and T-wave changes.

Coronary angiography and PCI: Baseline angiography 
data included the CTO territory (left anterior descending 
{LAD}, the left circum lex {LCX}, and the right coronary 
artery {RCA}), Japanese( J-CTO ) score, collaterals types, 
scores including Rentrop collaterals classi ication scores [10], 
and baseline Synergy between PCI with Taxus and Cardiac 
Surgery ( SYNTAX) score [11]. Drug-eluting stents (DES) 
were used in all studied cases, and the PCI procedural details 
were described, including the following: the PCI technique 
(antegrade or retrograde), vascular access, drug-coated 
balloon, pre- and post-balloon dilation, luoroscopic time, and 
contrast volume [12]. 

Transthoracic echocardiography: It was performed 
in the left decubitus position using an Epiq 7 ultrasound 
machine (Philips Healthcare, Eindhoven, Netherlands). All the 
following parameters were measured within 24 hours before 
PCI and followed up 3 months later:

The left ventricular end-systolic volume (LVESV) and left 
ventricular end-diastolic volume (LVEDV) were measured 
and LV ejection fraction (LVEF) was automatically calculated 
using the biplane area-length method [13]. 

Diastolic function parameters of the LV were measured, 
and the E/e′ ratio was calculated to estimate the LV illing 
pressures, and left atrial volume index (LAVi) was also 
measured [14]. 

2D-STE of the LV was done, and the longitudinal strain was 
evaluated by acquiring cine images from the apical long axis, 
two- and four-chamber views. These cine images were stored 
for further of line analysis, where the software’s bull’s-eye 
method automatically calculated the GLS as the average of the 
peak systolic longitudinal strain of the 17 LV segments [15]. 

The regional longitudinal strain (RLS) was calculated for 
the CTO territory involved, whether it was in the LAD, LCX, or 
RCA regions. The LV regions were categorized into three areas 
based on the assessment of collateral circulation in coronary 
angiography [16]. 
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o The CTO area is referred to as the recipient area.

o The donor area represented the source of collateral 
blood low.

o The remaining other regions represent the non-donor/
non-CTO area.

Statistical analysis

Data were fed to the computer and analyzed using IBM 
SPSS software package version 20.0. (Armonk, NY: IBM 
Corp.) Qualitative data were described using numbers and 
percentages. Quantitative data were described using the 
mean and standard deviation. A probability value (p - value) 
less than 0.05 was considered statistically signi icant. A paired 
t-test is used for normally distributed quantitative variables 
to compare between two periods. The Wilcoxon signed-rank 
test is used for abnormally distributed quantitative variables 
to compare between two periods. The Spearman coef icient 
is used to correlate between two distributed, not normally 
quantitative variables. The receiver operating characteristic 
curve (ROC) is generated by plotting sensitivity (TP) on the 
Y-axis versus 1-speci icity (FP) on the X-axis at different 
cut-off values.

Results 
Baseline demographic and laboratory characteristics 
of the studied patients

The study included 54 patients with a mean age of 56.65 
± 7.65 years; 40 patients (74.1%) were males, and the mean 
BMI was 27.51 ± 3.51 kg/m2. 35 (64.8%) patients had CCS ≥ 2;
the different risk factors and laboratory investigations are 
mentioned in Table 1. In the Standard 12-ECG, all patients were 
in normal sinus rhythm, 15 patients (27.8%) had ST segment 
deviation and 16 patients (29.6%) had T wave changes, which 
denoted the presence of ischemic changes.

Baseline coronary angiographic and PCI procedural 
data

The baseline angiographic data of the 54 studied patients 
are summarized in Table 2. The most common territory 
involved in our study is the LAD in 55.6% of our study 
population, the baseline SYNTAX score was 13.31 ± 3.93, 
the J-CTO score was 1.28 ± 0.63, collaterals were present in 
98.1% of our patients, the most common type of collateral was 
septal in 53 (98.1%) of patients, and the Rentrop score of the 
collaterals revealed that 62.9% of patients had a score of 3, 
and all patients were stented using drug-eluting stents (DESs). 
The main vascular access was bi-femoral in 45 (83.3%) of 
patients. The antegrade approach with escalation was used in 
88.9% of patients. The average luoroscopic time was 43.70 ± 
10.74 minutes, and the average contrast volume was 332.59 
± 85.65 ml.

Transthoracic echocardiographic analysis

The LVESV showed a signi icant decrease (p < 0.001); 

similarly, the LVEF showed a signi icant increase (p < 
0.001); and the E/e’ ratio showed a signi icant improvement 
(p < 0.001) from before to 3 months post CTO –intervention, 
however, no signi icant differences were found for LVEDV and 
LAVI post-intervention, as shown in Table 3.

Regarding the GLS of the LV, it showed a signi icant 
increase at follow-up compared to before interventions (p < 
0.001), as shown in Table 3 and Figure 1.

As regards the RLS of the LV, the mean RLS in the CTO 
area and non-CTO area signi icantly improved 3 months post-
CTO interventions (p values of 0.043 and 0.011, respectively), 
while the mean donor RLS did not signi icantly improve post-
CTO interventions (p = 0.724), as shown in Table 3. 

By the ROC curve analysis, GLS can predict reverse LV 
remodeling, as an increase in GLS by a cut-off value of > 0.9% 
can predict a decrease of 8.66 ± 9.35 mL of LVESV. (AUC = 
0.854, a sensitivity of 82.33, a speci icity of 83.33, a PPV = 97.1, 
and an NPV = 41.7, p = 0.006) as shown in Figure 2 and by 
correlation coef icient analysis, there is a linearly signi icant 

Table 1: Baseline characteristic of the study population (n = 54) 
Demographic data

     Age (years )(Mean ±SD) 56.65 ± 7.65
     Male gender (NO %) 40 (74.1)
Risk factor for CAD (NO %)
    Systemic arterial hypertension 28 (51.9)
    Diabetes mellitus type II 26 (48.1)
    Dyslipidemia 9 (16.7)
    Smoking 19 (35.2)
    Family history of CAD 4 (7.4)
Previous cardiac history (NO %)
     CCS≥2 35 (64.8)
     Unstable angina / NSTEMI 9 (16.6)
     STEMI 10 (18.4)
     PCI 11 (20.4)
Drug history (NO %)
Beta-blockers 52(96.3)
Non-dihydropyridine calcium channel blockers 2(3.7)
Acetyl salicylic acid(ASA) 24(44.4)
ASA+Clopidogrel 19(35.2)
ASA+ticgrelol 11(20.4)
Statins 40(74.1)
Statins + ezetimibe 14(25.9)
ACE or ARBS 35(64.8)
Heart rate(bpm)(mean±SD) 76.14±28.91
Systolic BP(mmHg)(mean±SD) 125.36±18.11
 Diastolic BP(mmHg)(mean±SD) 70.33±21.82
Laboratory investigations(mean ±SD)
 Glomerular fi ltration rate  (ml/min) 85.44 ± 12.77
 Hemoglobin (mg/dl) 12.59 ± 1.64
  Total cholesterol(mg/dl) 155.8 ± 39.08
  Low density lipoprotein cholesterol(mg/dl) 99.55 ± 23.02
High density lipoprotein cholesterol (mg/dl) 58.05 ± 7.94
  Triglycerides (mg/dl) 142.1 ± 61.86
   Glycated hemoglobin (%) 6.22 ± 0.90
ASA:Acetyl salicylic acid; BP:blood pressure; CAD: coronary artery disease;CCS:  
Canadian Cardiovascular Society, NSTEMI:non ST segment elevation myocardial 
infarction; STEMI:ST segment elevation myocardial infarction 
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By univariate and multivariate linear regression 
analysis for the different factors and parameters affecting 
LV reverse remodeling in patients with CTO undergoing 
revascularization by PCI, we found that the LVEF and GLS 
were the signi icant univariate predictors, p value (0.011, and 
< 0.001), respectively, and by multivariate analysis, the GLS 
was the only single predictor of revere remodeling post-PCI 
(p value < 0.001), as shown in Table 4.

Discussion 
Myocardial ischemia starts the diastolic dysfunction 

process and then will be followed by a decrease in LV 
systolic function. The majority of individuals who have CTO 
yet have some degree of LV dysfunction, even in the event 
that coronary collaterals are visible. Although technically 
challenging, the revascularization process for CTOs attempts 
to improve survival rates, promote functional recovery, 
improve symptoms, and decrease morbidity [3], as shown in 
our patients, who had marvelous improvements in symptoms 
and quality of life(QOL) post-successful CTO interventions, 
and this was similar to the results of the study done by Zhao 
S, et al. [17] who found that during the one-month and one-
year follow-ups post-PCI for CTO lesions, symptoms, including 
dyspnea and angina, signi icantly improved independent of 
age (p < 0.05). Similarly, QOL was considerably improved by 
successful CTO-PCI at the one-month and one-year follow-up 
(p < 0.01). 

2D-STE is becoming a more sensitive and objective 
technique to evaluate LV systolic and diastolic function [4,5]. 
Additionally, even in cases where overall LVEF is preserved, 
myocardial dysfunction can still occur and may be linked to 
compromised LV longitudinal deformation [6,12]. 

Successful revascularization to CTO with optimization of 
the medical therapy had an impact on the improvement of LV 
function and the reverse of LV remodeling, as seen in our study 
by the statistically signi icant improvement in the LVEF by 5.7 
± 5.64% (p < 0.001) and a decrease in the LVESV by 8.66 ± 
9.35 ml (p < 0.001) 3 months post successful PCI for CTO, also 
by ROC curve and correlation coef icient analysis, we found 
a strong correlation between the percentage of increase in 
GLS, the percent of improvement in LVEF, and the degree of 
improvement of LVESV, which explains the predictive value of 
GLS to predict reverse LV remodeling, and this is in agreement 
with the meta-analysis done by Michael Megaly, et al. [18] that 
comprised 34 observational studies revealed that successful 
CTO PCI was linked to an improvement in LV ejection percent 
of 4.3% (p < 0.0001), and linked to a 4 mL reduction in LV 
end-systolic volume (p < 0.0001). Another study was done 
by Shawky, et al. [19] who studied 100 patients with CTO 
in the LAD territory, and 2D-STE was performed on days 
1 and 3 months later after PCI, they found that GLS, LVEF, 
and LVESV were signi icantly improved at 3-month follow-
up, which is exactly similar to what we found in our study. 

Table 2: Baseline angiographic data of the studied patients.
Patients (NO %)

CTO territory involved
LAD 30 (55.6)
RCA 18 (33.3)
LCX 6 (11.1)
Collaterals type 
Epicardial 15(27.8)
Septal 53(98.1)
Bypass 4(7.4)
Combine types(septal-epicardial) 12(22)
Antegrade approach 
   Escalation 48 (88.9)
   Dissection reentry 2 (3.7)
Retrogarde approach 
   Escalation 10 (18.5)
   Dissection reentry 2 (3.7)
   Combined techniques 7 (13)
Number of stents per patient 

1 22(40.7
2 24(44.4)
3 8(14.8)

Number of balloons pre-dilation 
1 35(64.8)
2 18(33.3)

Number of balloons post-dilation 
1 34(63.0)
2 8(14.8)

CTO: chronic total occlusion; LAD: left anterior descending; LCX: left circumfl ex 
artery; RCA: right coronary artery

Table 3: Echocardiographic data of the studied population before and after CTO 
interventions 

Echocardiographic 
parameter

Before PCI
(mean ± SD)

Follow up
(mean ± SD) p - value

LVEDV (ml) 97.43 ± 20.48 95.83 ± 26.40 0.109

LVESV (ml) 45.20 ± 12.60 40.83 ± 16.22 <0.001*

LVEF (%) 53.91 ± 7.58 57.81 ± 7.82 <0.001*

LAVI (mL/m2) 30.24 ± 4.88 30.26 ± 3.58 0.469

E/e′ ratio 10.84 ± 3.03 9.31 ± 2.67 <0.001*

GLS (%) 13.38 ± 4.12 15.94 ± 3.92 <0.001*

RLS in CTO area (%) 13.82 ± 4.34 15.31 ± 4.64 0.043*

RLS in Donor area (%) 14.82 ± 3.77 14.61 ± 4.16 0.724

RLS in Non-CTO area (%) 15.28 ± 5.19 17.29 ± 5.20 0.011*
CTO: Chronic Total Occlusion; E/E′: Early Mitral Infl ow Velocity/Mitral Annulus 
Early Diastolic Velocity; LAVI: Left Atrial Volume Index; LVEDV: Left Ventricular 
End Diastolic Volume; LVESV: Left Ventricular End Systolic Volume; LVEF: Left 
Ventricular Ejection Fraction; GLS: Global Longitudinal Strain; RLS: Regional 
Longitudinal Strain; *Statistically signifi cant at p ≤ 0.05.

correlation between the increases in GLS and the decrease in 
LVESV (r = 374; p = 0.010) as shown in Figure 3.

Also, by the ROC curve analysis, GLS can predict reverse 
LV remodeling, as an increase in GLS by a cutoff value of > 
0.7% can predict an increase in LVEF by 5.7% ± 5.64%. (AUC = 
0.739, a sensitivity of 85.0, a speci icity of 71.43, a PPV = 94.41, 
and an NPV = 45.5, p = 0.045), as shown in Figure 4, and by 
correlation coef icient analysis, there is a linearly signi icant 
correlation between the increases in GLS and the increase in 
LVEF (r = 0.389, p = 0.007) as shown in Figure 5.
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Figure 1: Shows the signifi cant improvement of segmental strain and GLS of a case undergoing PCI to CTO of LCX artery. Image A: before PCI, image 
B: 3 months post PCI.

Figure 2: The RCO curve shows the sensitivity and specifi city of the GLS to predict 
improvement in left ventricular end-systolic volume.

Figure 3: Shows a linearly signifi cant correlation between the increases in GLS 
and the decrease in LVESV.

Figure 4: The RCO curve shows the sensitivity and specifi city of the GLS to predict 
improvement in left ventricular ejection fraction.

Figure 5: Shows a linearly signifi cant correlation between the increases in GLS 
and the increase in LVEF.
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Also in the study of P. Wang, et al. [12] studied 43 patients 
with CTO who had PCI, their LV function was evaluated by 
2D-STE and conventional echocardiography after PCI by One 
day, three months, and six months later, they found that GLS 
was improved as early as 1 day after PCI; however, the LVEF 
improved up to 3 and 6 months post-CTO-PCI, which is in 
agreement with our study in the 3-month follow-up post-PCI 
improvement in LVEF. However, a study by Chimura, et al. [20] 
found that nine months after successful PCI, the GLS showed a 
signi icant improvement (p < 0.01), while the group that had 
failed PCI did not signi icantly change (p = 0.64). However, in 
both the successful and unsuccessful groups, LVEF and LVESV 
did not show a signi icant improvement during the follow-up; 
their results are not in agreement with our study, as we found 
that successful PCI to CTO signi icantly improves LVEF and 
reduces LVESV.

In our study, we also assessed the effect of a successful 
CTO revascularization on regional LV function by calculating 
the RLS, and we found that at 3 months follow up a signi icant 
improvement of the RLS of the CTO area and non-CTO area 
(p values of 0.043 and 0.011, respectively), however, the donor 
area did not show any signi icant change (p = 0.724), also Yohei 
Sotomi, et al. [16] studied a total of 37 patients and 2D-STE 

was performed before PCI, and after 1-day and 3-months of 
procedure they found that RLS in CTO and donor areas and 
GLS were signi icantly improved 1-day after the procedure, 
but these improvements diminished during 3 months but 
their indings are not similar to our study as we found that the 
improvement of GLS and RLS of CTO area remained signi icant 
after 3-months without signi icant improvement in the donor 
area.

Study limitations

This study was a single-center study with a small sample 
size. Another limitation is the lack of comparison to patients 
who did not undergo intervention or had a failed CTO 
procedure, which could assess the speci ic impact of CTO 
interventions. Also, a prolonged, long-term follow-up beyond 
the 3 months of our study is recommended.

Conclusion
Revascularization of coronary CTO lesions by PCI is 

associated with a signi icant improvement in regional and 
global LV function. The GLS measured by 2D-STE is a strong 
predictor of LV reverse remodeling post-CTO interventions.

Table 4: Univariate and multivariate linear regression analysis for the variables aff ecting left ventricular reverse remodeling in patients with CTO undergoing revascularization 
by PCI.

Univariate Multivariate
B (LL – UL 95%C.I) p B (LL – UL 95%C.I) p
Demographic and clinical  variables

Age -0.269 (3.341 – 2.803) 0.861
Male gender 0.070 (-0.097 – 0.238) 0.401
Hypertension 0.699 (-1.974 – 3.371) 0.601

Diabetes mellitus -0.189 (-2.874 – 2.496) 0.888
Dyslipidemia 0.574 (-2.827 – 3.975) 0.736

Smoking -1.182 (-4.035 – 1.671) 0.408
Family history -1.002 (-5.795 – 3.791) 0.676

CCS 2.729 (-0.441 – 5.899) 0.090
Previous  (UA/ NSTEMI) -1.105 (-3.914 – 1.703) 0.432

Previous STEMI -0.078 (-3.352 – 3.196) 0.962
Echocardiographic  variables

LVEDV 0.007 (-0.055 – 0.070) 0.820
LVESV 0.082 (-0.017 – 0.182) 0.103
LVEF -0.214 (-0.375 – -0.052) 0.011* -0.102 (-0.255 – 0.051) 0.185
LAVI 0.047 (-0.216 – 0.311) 0.719

E/e′ ratio 0.200 (-0.239 – 0.639) 0.363
GLS -0.665 (-0.951 – -0.379) < 0.001* -0.587 (-0.894 – -0.280) < 0.001*

Angiographic variables
J-CTO score 0.639 (-1.463 – 2.742) 0.543

Rentrop score 1.064 (-1.757 – 3.886) 0.451
Baseline Syntax score 0.194 (-0.136 – 0.523) 0.242
Antegrade approach -0.692 (-5.490 – 4.105) 0.773
Retrograde approach -1.856 (-5.083 – 1.370) 0.253

CTO -territory involved LAD 2.084 (-1.427 – 5.594) 0.238 
CTO-territory involved  LCX 0.330 (-5.151 – 5.811) 0.904
CTO-territory  involved RCA 0.330 (-5.151 –5.811) 0.904

Fluoroscopic time -0.008 (-0.133 – 0.116) 0.893
Contrast volume 0.001 (-0.015 – 0.018) 0.874

B: Unstandardized Coeffi  cients; C.I: Confi dence Interval; LL: Lower Limit ; UL: Upper Limit
#: All variables with p < 0.05 was included in the multivariate. 
*: Statistically signifi cant at p ≤ 0.05.
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