RHYTEAN

Research in Heart Yield and Translational Medicine PO i S T

Review Article

Reduced Left Ventricular Global Longitudinal Strain in the
Coronary Slow Flow Phenomenon: A Systematic Review and
Meta-Analysis

Mahin Seifi Alan *?*®, Kobra Hosseini 2@, Sanaz Seifi Alan *2®, Zahra Mirzaei >, Peyman Saeedi @, Soroush Bahrami*
Vahid Shahnavaz ?@, Haniyeh Rashidi '@, Mahnaz Seifi Alan %@, Hadith Rastad

1 Clinical Research and Development Center of the Kamali Hospital, Alborz University of Medical Sciences, Karaj, Iran.
2 Cardiovascular Research Center, Alborz University of Medical Sciences, Karaj, Iran.
3 Imperial Clinical Trials Unit, Imperial College London, London, UK.

¥ Mahin Seifi Alan and Kobra Hosseini contributed equally as co-first authors.

CIEWIH Seifi Alan M, Hosseini K, Seifi Alan S, Mirzaei Z, Saeedi P, Bahrami S, et al. Reduced Left
Ventricular Global Longitudinal Strain in the Coronary Slow Flow Phenomenon: A Systematic Review
and Meta-Analysis. Res Heart Yield Transl Med 2025; 20(4):310-322.

d https://doi.org/10.18502/jthc.v20i4.20747

Highlights

(] CSFP is associated with a significant reduction in left ventricular global longitudinal strain (LVGLS) despite preserved left
ventricular ejection fraction (LVEF).

° Layer-specific strain analysis reveals the most pronounced impairment in the endocardial layer.
° LVGLS demonstrates moderate-to-high diagnostic accuracy for detecting CSFP (pooled AUC: 0.80).
These findings support LVGLS as a noninvasive marker of subclinical myocardial dysfunction in CSFP.
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Received: 3 Aug. 2025 Background: The coronary slow flow phenomenon (CSFP) involves delayed coronary
. artery filling without obstruction and is associated with angina and myocardial ischemia.
This meta-analysis assessed the link between CSFP and impaired left ventricular global
longitudinal strain (LVGLS), a marker of subclinical myocardial dysfunction.
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Methods: A systematic search (PubMed, Embase, Scopus up to January 2025) identified
18 observational studies comparing LVGLS and layer-specific strain in patients with CSFP
vs controls with normal coronary flow.

Results: Patients with CSFP showed significantly reduced LVGLS vs controls (SMD, 1.22;
95% ClI, 0.69 to 1.75). Layer-specific analysis revealed impairment across all myocardial
layers, most pronounced in the endocardium (SMD, 0.79; 95% CI, 0.21 to 1.38). While left
ventricular ejection fraction (LVEF) was preserved, LVGLS demonstrated moderate-to-high
diagnostic accuracy for CSFP (AUC, 0.80; 95% CI, 0.66 to 0.95). Reduced LVGLS
independently predicted CSFP (adjusted OR, 1.43; 95% ClI, 1.19 to 1.46). Exercise stress
effects on LVGLS were inconsistent.

Conclusion: CSFP is associated with impaired LVGLS, particularly in the endocardial
layer, despite preserved LVEF. LVGLS may serve as a noninvasive marker for subclinical
dysfunction in CSFP.
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Introduction

he coronary slow flow phenomenon

(CSFP) is an angiographic

phenomenon  characterized by

delayed or slow distal coronary

vessel filling in the absence of

obstructive  epicardial coronary
artery disease.! First described in 1972 by Tambe
et al,> CSFP is increasingly being recognized as
a cause of recurrent angina, exercise tolerance
reduction, and adverse cardiovascular outcomes,
including myocardial ischemia, arrhythmias, and
sudden death.'® With an incidence of 1% to 7%
among patients undergoing coronary
angiography, CSFP poses diagnostic and
therapeutic challenges because of its elusive
pathophysiology and lack of standardized
management protocols.®

The underlying mechanisms of CSFP remain
incompletely understood, but current evidence
points to microvascular dysfunction, endothelial
impairment, and low-grade inflammation as key

contributors. Histopathological studies reveal
microvascular remodeling, including
fiboromuscular hyperplasia and capillary
rarefaction, which may impair coronary

perfusion.* Despite these insights, the absence of
definitive  diagnostic  criteria  beyond the
Thrombolysis in Myocardial Infarction (TIMI)
frame count underscores the need for additional
tools to evaluate CSFP-related myocardial
dysfunction.®

Conventional measures of left ventricular
function, such as left ventricular ejection fraction
(LVEF), are often preserved in patients with
CSFP, masking subclinical systolic impairment
because of their load dependence and limited
sensitivity.® In contrast, left ventricular global
longitudinal strain  (LVGLS), assessed via
speckle-tracking echocardiography (STE), has
emerged as a robust, angle-independent marker
of myocardial deformation. LVGLS detects early
LV dysfunction by quantifying longitudinal
shortening, which is particularly vulnerable to
microvascular ischemia.'*

Nonetheless, the available information on the
reduction of LVGLS in CSFP is scattered in the
literature, making it difficult to utilize this
information  for  clinical decision-making.

Accordingly, the present systematic review and
meta-analysis aimed to provide a cohesive
evaluation of the association between LVGLS
and CSFP.

Methods
Study Design

This systematic review and meta-analysis
adhered to the Preferred Reporting Items for
Systematic  Reviews and  Meta-Analyses
(PRISMA) guidelines’ to ensure methodological
rigor and transparency. The study protocol was
registered on PROSPERO (ID:
CRD42025639236) before data extraction to
minimize bias.

Search Strategy

A comprehensive literature search was
performed across PubMed, Embase, and Scopus
from inception until January 2025. The search
strategy combined Medical Subject Headings
(MeSH) terms and free-text keywords related to
CSFP (eg, “coronary slow flow,” “CSFP,” and
“TIMI frame count’) and LVGLS (eg, “global
longitudinal strain” and “speckle tracking
echocardiography”). Boolean operators (AND,
OR) were used to refine the search, which was
restricted to English-language studies. Manual
screening of reference lists from included studies
and relevant reviews was also conducted to
identify additional eligible publications.

Study Selection

Studies were included if they met the
following criteria: the population consisted of
adults (aged=18 y) undergoing coronary
angiography with LVGLS assessment by STE;
the exposure was angiographically confirmed
CSFP; the comparison group consisted of
participants with normal coronary flow; and the
outcome of interest was LVGLS. Eligible study
designs included observational studies (case-
control or cross-sectional, cohort) or randomized
controlled trials reporting LVGLS values in
patients with CSFP. Exclusion criteria were
reviews, case reports, editorials, or conference
abstracts; studies not reporting LVGLS or using
nonstandard STE methods; and studies focusing
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on obstructive coronary artery disease or other
cardiac pathologies.

Screening Process

Two independent reviewers screened titles
and abstracts, followed by full-text assessment.
Discrepancies were resolved via consensus or
consultation with a third reviewer (Figure 1).

Data Extraction

Data extraction was performed using a
standardized form to collect study characteristics
(author, year, country, design, sample size, and
demographics), LVGLS measurement details
(STE method, vendor software, and strain
parameters), and outcomes (diagnostic accuracy
and correlation with LVEF or TIMI frame count).
The methodological quality of included studies
was assessed using the Newcastle-Ottawa Scale
(NOS), which evaluates selection, comparability,
and outcome domains. Studies were classified as
high quality (NOS score=7), moderate quality
(NOS score 5-6), or low quality (NOS score<4)
(Table 1).

Statistical Analysis

Statistical analysis was performed using R
software (meta package). The primary outcome
was the standardized mean difference (SMD) in
LVGLS values between patients with CSFP and
controls with 95% confidence intervals (CIs).
Heterogeneity was assessed using the |2 statistic,
with 12 greater than 50% indicating high
heterogeneity and warranting a random-effects
model. Secondary analyses included pooled
diagnostic accuracy (area under the curve [AUC]
from receiver operating characteristic [ROC]
analyses) and subgroup analyses (layer-specific
strain).

Ethical Considerations

Because this study synthesized published
data, ethical approval was not required.

Results
Study Selection and Characteristics

A total of 18 studies were included in this
systematic review and meta-analysis, evaluating the
predictive value of LVGLS for CSFP.13823 The
baseline characteristics of the included studies
are summarized in (Table 2). Studies were
conducted in Egypt, Turkey, Iran, China, and
Serbia, with sample sizes ranging from 40 to 133
participants.2%12 The mean age in the CSFP
group ranged from 44.6 to 60.0 years,* while
the control group ranged from 43.5 to 59.0
years.>? Male participants constituted 40% to
75% of the CSFP group®® and 33% to 80% of the
control group.*® Common comorbidities such as
diabetes mellitus, hypertension, and dyslipidemia
were reported with varying prevalence.

LVGLS and CSFP

The association between LVGLS and CSFP
was evaluated across multiple studies, as
detailed in (Table 3). Most studies reported
significantly lower LVGLS values in the CSFP
group compared with the control group, indicating
impaired myocardial function in patients with
CSFP. For example, Shereef et al®reported a
mean LVGLS of -16.2 (1.3) in the CSFP group vs
-19.3 (1.3) in the control group (P<0.001).
Similarly, Liu et al*®found a mean LVGLS of
-18.2 (2.8) in the CSFP group compared with
-19.7 (2.2) in the control group (P<0.001).
Multivariate logistic regression analysis in several
studies, such as Shereef et al®and Liu et
al,*® demonstrated that LVGLS was a significant
predictor of CSFP, with odds ratios (ORs) ranging
from 1.2 to 2.2.312 The pooled analysis of LVGLS
showed a significant difference between the
CSFP and control groups, with an SMD of 1.22
(95% Cl, 0.69 to 1.75;P<0.001;1>=93%),
indicating reduced LVGLS in the CSFP group
(Figure 2). Reduced LVGLS was independently
associated with CSFP in the meta-analysis of
adjusted ORs (pooled adjusted OR, 1.43 [95%
Cl, 1.19 to 1.46]; P=0.018; I>=70.2%) (Figure 3).




RHYTEA

Research in Heart Yield and Translational Medicine

Mahin Seifi Alan et al. 2025; 20 (4):310-322

= Records identified Additional records

= through electronic identified through

S database searching Google Scholar

l.é‘ (n=1689) (n=23)

=

7}

=

(==

A 4 A 4
First screening (n = 1712)
s !
£
. Duplicated R ds:

E Records screened for duplication (n = 1712) p| TupTicated Records

] (n=253)

=

<

@ !

Records screened for Title/Abstract (n = 1459) = DI e
(n=1202)

_—

.-

= L 4

Zg Full-Text Articl od f igibility (n=257) Full-Text Articles excluded:

= ull-Tex icles assessed for ehigibility (n = 25 * (n=239)

= L 2

L]

=

% Studies included (n = 18)

=

=

Figure 1. PRISMA flowchart of the literature search and selection process

Study or Weight Weight Std. Mean Difference
Subgroup SMD 95% Cl (common) (random) IV, Fixed + Random, 95% CI
Global and at rest
Shereef et al. 2024 2.37 [1.90; 2.84] 6.3% 6.3% e =
Mohammadzad et al. 2021 3.61 [3.03;4.19] 4.2% 6.2% ==
Liu et al. 2021 0.59 [0.24;0.93] 11.4% 6.5% -
Wang et al. 2020 0.76 [0.24; 1.28] 5.2% 6.2% —-—
Jovanovic et al. 2020 3.51 [2.73;4.29] 2.3% 5.8% —
Li et al. 2020 0.59 [0.20; 0.99] 8.9% 6.4% -
Abdelsamei et al. 2020 0.85 [0.38; 1.31] 6.5% 6.3% —-—
Wang et al. 2019 0.62 [0.07;1.17] 4.6% 6.2% [—=—
Mohammadzad et al. 2019 1.07 [0.63; 1.51] 71% 6.3% -
Xing et al. 2018 1.26 [0.85; 1.67] 8.3% 6.4% -
Kemaloglu et al. 2016 1.85 [1.33;2.38] 5.0% 6.2% —-—
Wang et al. 2016 0.52 [0.12; 0.93] 8.5% 6.4% -
Barutcu et al. 2015 1.69 [0.96; 2.42] 2.6% 5.9% —
Gulel et al. 2015 -0.19 [-0.81; 0.43] 3.6% 6.1% —-—
Narimani et al. 2015 0.16 [-0.30; 0.62] 6.5% 6.3% —-—
Wang et al. 2015 0.54 [0.15;0.93] 9.1% 6.4% -
Total (common effect, 95% CI) 1.04 [ 0.92; 1.15] 100.0% 5 L
Total (random effect, 95% Cl)  1.22 [ 0.69; 1.75] . 100.0% >

Heterogeneity: Tau? = 1.1066; Chi? = 215.14, df = 15 (P < 0.0001); 12 = 93%

Mid—-myocardial layer

Wang et al. 2020 0.76 [0.24; 1.28] 13.8% 14.2% —-

Shi et al. 2019 0.56 [0.19; 0.93] 27.2% 26.6% =

Xing et al. 2018 0.96 [0.56; 1.35] 23.9% 23.7% -

Wang et al. 2016 0.52 [0.12; 0.93] 22.7% 22.6% k3

Nurkalm et al. 2008 0.36 [-0.18; 0.91] 12.5% 12.9% 1

Total (common effect, 95% Cl) 0.65 [ 0.46; 0.84] 100.0% s *

Total (random effect, 95% CI) 0.65 [ 0.45; 0.85] . 100.0% *

Heterogeneity: Tau® = 0.0039; Chi® = 4.14, df = 4 (P = 0.3872); I> = 3.4%

Endocardial layer

Shi et al. 2019 0.50 [0.13;0.87] 38.3% 34.1% =

Xing et al. 2018 1.40 [0.98; 1.82] 29.8% 32.8% =

Wang et al. 2016 0.50 [0.09; 0.90] 31.8% 33.1% -

Total (common effect, 95% CI) 0.77 [ 0.54; 1.00] 100.0% . *

Total (random effect, 95% CI) 0.79 [0.21; 1.38] . 100.0% >

Heterogeneity: Tau® = 0.2251; Chi’ = 12.54, df = 2 (P = 0.0019); I> = 84%

Epicardial layer

Shi et al. 2019 0.07 [-0.29; 0.44] 36.6% 35.6% ‘

Xing et al. 2018 0.38 [0.00; 0.75] 34.0% 33.9%

Wang et al. 2016 0.52 [0.12; 0.93] 29.4% 30.5% -

Total (common effect, 95% Cl) 0.31 [ 0.09; 0.53] 100.0% p &

Total (random effect, 95% CI) 0.31 [ 0.05; 0.58] . 100.0% '

Heterogeneity: Tau? = 0.0158; Chi® = 2.82, df = 2 (P = 0.2444); 1> = 29% : : : ;
-4 -2 0 2 4

CG CSF

Figure 2: Forest plot of standardized mean difference (SMD) with 95% CI and weights for studies comparing Left ventricle global
longitudinal strain (LVGLS) and layer-specific strain (mid-myocardial, endocardial, epicardial) in the CSF versus CG.
CG: Control Group; Cl: Confidence Interval; CSF: Coronary Slow Flow; SD: Standard Deviation
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Weight Weight Odds Ratio Odds Ratio
Study logOR SE (common) (random) IV, Fixed + Random, 95% CI IV, Fixed + Random, 95% CI
Shereef et al. 2024 0.7885 0.1727 89% 21.7% 2.20 [1.57; 3.09] .
Li et al. 2020 0.1823 0.1468 12.3%  24.3% 1.20 [0.90; 1.60] '
Liu et al. 2021 0.2231 0.0615 702%  32.6% 1.25[1.10; 1.40] —.—
Wang et al. 2020 0.3365 0.1768 8.5% 21.3% 1.40 [1.00; 2.00] ;
Total (commeon effect, 95% Cl) 100.0% . 1.32 [1.19; 1.46] -
Total (random effect, 95% Cl) 100.0% 1.43 [1.11; 1.85] el
Heterogeneity: Tau® = 0.0481: Chi° = 10.06, df = 3 (P = 0.0180); I = 70.2% ! ‘ ‘
0.5 1 2 3.5

Multivariate Odds Ratio

Figure 3. Pooled analysis of adjusted odds ratios (OR) and 95% confidence intervals (95% ClIs) for LVGLS in CSF.

an AUC of 0.96 (95% ClI, 0.92 to 0.99; P<0.001)
at a cutoff of 17.8%. The pooled AUC for global
LVGLS in predicting CSFP was 0.80 (95% ClI,
0.66 to 0.95; P<0.001; I’=93.5%) (Figure 4).
Notably, reported cutoffs varied across studies,
ranging from 15.85% to 33.4%.1314

Diagnostic Accuracy of LVGLS

The diagnostic accuracy of LVGLS for
predicting CSFP was assessed using ROC curve
analysis. The AUC values ranged from 0.66 to
0.96,%12 indicating moderate to high diagnostic
accuracy. For example, Shereef et al® reported

Weight Weight AUC AUC
Study AUC SE (common) (random) IV, Fixed + Random, 95% CI IV, Fixed + Random, 95% CI
Shereef et al. 2024 0.9600 0.0179 78.6% 28.9% 0.96 [0.92; 0.99] l
Liu et al. 2021 0.6600 0.0485 10.7% 26.1% 0.66 [0.57; 0.76] — |
Abdelsamei et al. 2020 0.7200 0.0561 8.0% 251% 0.72[0.61; 0.83] B ——
Xing et al. 2018 0.8700 0.0944 2.8% 19.9% 0.87 [0.63; 1.00]
Total (common effect, 95% Cl) 100.0% . 0.91 [0.88; 0.94] -
Total (random effect, 95% CI) 100.0% 0.80 [0.66; 0.95] : : j-?—l‘ :

Heterogeneity: Tau” = 0.0185: Chi’ = 46.03, df = 3 (P < 0.0001); I* = 93.5%

05 06 07 08 09 1
AUC (95% CI)

Figure 4. Forest plot of Area Under Curve (AUC) with standard error (SE) and weights for studies evaluating diagnostic accuracy.

Cl: Confidence Interval; SD: Standard Deviation.

Layer-Specific Strain Analysis

The meta-analysis results for layer-specific
strain demonstrated significant reductions in the
CSFP group compared with the control group
across all myocardial layers. For the mid-
myocardial layer, the pooled analysis under the
common-effect model showed an SMD of 0.65
(95% Cl, 0.46 to 0.84; P=0.387;1°=3.4%).
Similarly, the epicardial layer exhibited a smaller
but statistically significant reduction under the
common-effect model, with an SMD of 0.31 (95%
Cl, 0.09 to 0.53;P=0.244;1>=29%). These
findings align with the most pronounced reduction
observed in the endocardial layer, where the
random-effects model was applied because of
high heterogeneity, yielding an SMD of 0.79 (95%

Cl, 0.21 to 1.38; P=0.002; 1>=84%) (Figure 2).
TIMI Frame Count and LVEF

Supplementary Table 1 summarizes the TIMI
frame count and LVEF in the CSFP and control
groups. The mean TIMI frame count in the CSFP
group ranged from 22.5 to 45.2,%1¢ significantly
higher than in the control group (range, 15.1-
22.7)*81° across all studies (P <0.001), indicating
slower coronary flow in patients with CSFP. LVEF
in both groups was comparable, with the CSFP
group ranging from 54.5% to 66.0%%%° and the
control group ranging from 54.8% to
68.5%.11° The  percentages indicated no
significant differences between the groups.
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LVGLS After Exercise Stress

The analysis of exercise stress LVGLS in
patients with CSFP revealed conflicting findings
between the two included studies. Jovanovic et
al*® reported a substantially lower LVGLS in the

CSFP group than in the controls (SMD, 4.74
[95% CI, 3.78 to 5.71]), whereas Wang et
al*® found no significant difference (SMD, —0.26
[95% CI, -0.80 to 0.28]). The pooled effect size
was an SMD of 223 (95% CIl, -2.68 to
7.13; P<0.001; 1>=98.7%) (Figure 5).

CSF Group CG Group Weight Weight Std. Mean Difference Std. Mean Difference
Study Mean SD Total Mean SD Total (common) (random) IV, Fixed + Random, 95% Cl 1V, Fixed + Random, 95% CI
Jovanovic et al. 2020 -20.90 1.8000 32 -28.40 1.3000 34 23.9%  49.7% 4.74[3.78; 5.71] ;
Wang et al. 2019 -23.90 2.8000 30 -23.20 2.5000 24 76.1%  50.3% -0.26 [-0.80; 0.28]
Total (common effect, 95% Cl) 62 58 100.0% . 0.94 [ 0.46; 1.41]
Total (random effect, 95% CI) 100.0% 2.23 [-2.68; 7.13]

Heterogeneity: Tau® = 12.3531; Chi = 78.92, df = 1 (P < 0.0001); I’ = 98.7%

-10 -5 0 5 10
CG GLS
Exercise

Figure 5. Forest plot of standardized mean difference (SMD) with 95% CI and weights for studies comparing Left ventricle global
longitudinal strain (LVGLS) and in the CSF versus CG after exercise.
CG: Control Group; Cl: Confidence Interval; CSF: Coronary Slow Flow; SD: Standard Deviation.

Meta-analysis of LVGLS in CSFP: 2D
and 3D Studies
The pooled analysis of 16 studies using 2D

imaging demonstrated a significant reduction in
LVGLS among patients with CSFP (SMD, 1.12;

95% CI, 0.59 to 1.66; P<0.001; I1>=93%), with
individual study SMDs ranging from -0.19to
3.61.°! Two studies utilizing 3D imaging also
showed impaired LVGLS in patients with CSFP,
with an SMD of 1.18 (95% CI, -0.12 to
2.47; P<0.001; 12=94%) (Figure 6).

Std. Mean Difference

Study SMD 95% ClI  Weight(Fixed) Weight(Random) IV, Fixed + Random, 95% CI

2D studies

Shereef et al. 2024 2.37 [1.90; 2.84] 6.2% 6.3% ——

Mohammadzad et al. 2021 3.61 [3.03; 4.19] 4.1% 6.2% ——

Liu et al. 2021 0.59 [0.24; 0.93] 11.3% 6.5% -

Wang et al. 2020 0.76 [0.24; 1.28] 51% 6.2% -

Jovanovic et al. 2020 3.51 [2.73; 4.29] 2.2% 5.8% —

Abdelsamei et al. 2020 0.85 [0.38; 1.31] 6.4% 6.3% ——

Wang et al. 2019 0.62 [0.07;1.17] 4.6% 6.2% —*—

Mohammadzad et al. 2019 1.07 [0.63; 1.51] 7.0% 6.3% —=—

Shi et al. 2019 0.50 [0.13;0.87] 10.1% 6.4% -

Xing et al. 2018 1.26 [0.85; 1.67] 8.2% 6.4% =

Wang et al. 2016 0.52 [0.12; 0.93] 8.4% 6.4% —-—

Barutcu et al. 2015 1.69 [0.96; 2.42] 2.6% 5.9% —

Gulel et al. 2015 -0.19 [-0.81; 0.43] 3.6% 6.1% —

Narimani et al. 2015 0.16 [-0.30; 0.62] 6.4% 6.3% e

Wang et al. 2015 0.54 [0.15; 0.93] 9.0% 6.4% =

Nurkalm et al. 2008 0.36 [-0.18; 0.91] 4.6% 6.2% T

Total (common effect, 95% CI) 0.95 [ 0.83; 1.07] 100.0% . +

Total (random effect, 95% CI) 1.12 [ 0.59; 1.66] . 100.0%

Heterogeneity: TauZ = 1.1248; Chi’ = 212.95, df = 15 (P < 0.0001); > = 93%

3D studies

Liu et al. 2021 0.53 [0.18; 0.88] 69.7% 51.2% B

Kemaloglu et al. 2016 1.85 [1.33; 2.38] 30.3% 48.8% —-

Total (common effect, 95% CI) 0.93 [ 0.64; 1.22] 100.0% . *

Total (random effect, 95% CI) 1.18 [-0.12; 2.47] . 100.0% e

Heterogeneity: Tau? = 0.8199; Chi = 16.77. df = 1 (P < 0.0001); I* = 94% | | | |

-4 -2 0 2 4

LVGLS

Figure 6. Forest plot comparing left ventricular global longitudinal strain (LVGLS) between the coronary slow flow phenomenon
(CSFP) group and the control group (CG), stratified by imaging modality. Standardized mean differences (SMDs) with 95%
confidence intervals (Cls) are shown for 2D speckle-tracking echocardiography studies and 3D speckle-tracking echocardiography
studies.

CG: Control Group; Cl: Confidence Interval; CSF: Coronary Slow Flow; SD: Standard Deviation.
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Funnel Plot Analysis

Visual inspection of the funnel plot revealed
symmetrical distribution of effect sizes around the
pooled SMD (Figure 7), suggesting no evidence
of publication bias. This was corroborated by the
nonsignificant Q test for heterogeneity (P=0.62).

Funnel Plot for 2D Studies (LVGLS in CSFP)
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Standardized Mean Difference (SMD)
Figure 7. Funnel plot assessing publication bias in studies
evaluating left ventricular global longitudinal strain (LVGLS) in
the coronary slow flow phenomenon (CSFP)

Discussion

According to the present systematic review
and meta-analysis, the CSFP group exhibited a
significantly lower mean LVGLS (SMD, 1.22) than
controls, whereas mean LVEF was comparable.
Layer-specific strain analysis further revealed
reduced deformation across all myocardial layers
in patients with CSFP, with the most pronounced
impairment in the endocardial layer. LVGLS
showed moderate to high diagnostic accuracy for
the presence of CSFP as reported by four studies
(AUC range, 0.66-0.96; pooled AUC, 0.80).

Given the preserved LVEF, the reduced
LVGLS highlights the value of this parameter in
detecting subclinical myocardial dysfunction in
CSFP. These findings align with a systematic
review of evidence from observational studies,
which demonstrated that LVGLS has superior
prognostic value compared with LVEF for
predicting major adverse cardiac events,
including all-cause mortality, in patients with
various cardiac conditions. The investigators
concluded that LVGLS is essential for risk
stratification and early intervention, whereas
LVEF may miss significant impairment.?425

Although LVEF is a key systolic function
marker, its limitations (load dependence,
geometric assumptions, and insensitivity to early
injury) reduce its reliability for subtle impairment.

In contrast, LVGLS is more reproducible,
geometry independent, and sensitive to
longitudinal deformation abnormalities,

particularly in the endocardial layer.242°

CSFP is not merely an angiographic curiosity

but carries serious clinical consequences,
including recurrent ischemia, life-threatening
arrhythmias, and sudden cardiac death.

Traditional tools such as the TIMI frame count are
invasive and impractical for longitudinal
monitoring, whereas transthoracic Doppler
echocardiography remains underused. Given its
significant predictive value for CSFP, LVGLS
could serve as a noninvasive, reproducible metric
to improve risk stratification, particularly in
patients with preserved LVEF.?425

Limitations and Future Directions

The current study has several limitations,
including small sample sizes that may affect
generalizability, a lack of reported abnormal
LVGLS proportions, and technical heterogeneity
in measurement protocols, which could introduce
bias. However, this study represents a systematic
review and meta-analysis that comprehensively
evaluates the reduction of LVGLS in CSFP.

Conclusion

The findings of our systematic review and
meta-analysis suggest that CSFP may reduce
LVGLS, particularly in the endocardial layer,
whereas LVEF may remain unaffected. The
observed reduction in LVGLS could serve as a
potential diagnostic marker for CSFP, given its
moderate to high diagnostic accuracy.
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Table 1: Quality Assessment of the included studies.

Selection c bil Outcome
omparability Total score of 7

Author/Year Representativeness of -\ oo ients: Ascertainment of the Repret;entativenfass of  Assessment of the Statistical test: scores
the sample: ’ exposure (risk factor): e sample: outcome: atistical test:
Shereef et al. 2024 * * * ok * * 7
Mohammadzad et al. 2021 * * * * * * 6
Liu et al. 2021 * * * o * * 7
Wang et al. 2020 * * * *x * * 7
Jovanovic et al. 2020 * * * o * * 7
Li et al. 2020 * * * o * * 7
Abdelsamei et al. 2020 * * * - * * 7
Wang et al. 2019 * * * * * * 6
Mohammadzad et al. 2019 * * * * * * 6
Shi et al. 2019 * * * o * * 7
Xing et al. 2018 * * * *x * * 7
Kemaloglu et al. 2016 * * * o * * 7
Wang et al. 2016 * * * * * * 6
Barutcu et al. 2015 * * * * * * 6
Gulel et al. 2015 * * * * * * 6
Narimani et al. 2015 * * * * * * 6
Wang et al. 2015 * * * * * * 6
Nurkalm et al. 2008 * * * * * * 6

A study can be awarded a maximum of one star for each numbered item within the Selection and Exposure categories. A maximum of two stars can be given for Comparability.
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Table 2: Baseline Characteristics of Included Studies

Alcohol
Sample size Age Male % DM % HTN% Smoking % Dyslipidemia % consumption BMI
0,
Author/ Country % Vendor
Year CSF cG CSF cG
CSF CG  Total oo mean(sp) CSF CG  CSF CG CSF CG  CSF CG  CSF cG CSF  CG l\(/lésg? Mean (SD)
Shereef GE Vivid E95
etal. Egypt 60 60 120  44.6 (4.9) 435(50) 73% 45% 37% 30% 57% 32% 73% 30% 52%  35% NR NR  27.3(2.6) 25.7 Philips
2024
Mohammad
zad etal. Iran 53 71 124 522(12.6) 518(10.4) 68% 39% NR NR 59% 25% 62% 18% NR NR NR NR  28.1(23) 246 (L7) NR
2021
Liu et al. . Philips
China 73 60 133 56.4(9.1) 55.6(8.2) 62% 37% 6% 7% 38% 43% NR NR NR NR NR NR NR NR
2021 TomTec
GE Vivid E9
‘2"(’)&2’(‘)9 etal. China 28 34 62 58.1 (6.6) 56.2(6.8) 64% 47% 14% 9% 18% 32% 39% 24%  NR NR NR NR  246(31)  253(3.7) Innova 3100
EchoPAC
Jovanovic GE Vivid E9
etal. Serbia 32 34 66 60.0 (6.0) 59.0 (7.0) NR NR 10% 9% 91% 76% 44% 41% 84%  62% NR NR NR NR
2020 EchoPAC
Lietal. . o o o o o o Philips
5090 China 60 45 105  56.5(8.8) 555(8.4) 60% 47% 8% 4% 43% 44%  NR NR NR NR NR NR NR NR oLAB
Abdelsamei Vivid E9
etal. Egypt 31 52 83 53.1(8.9) 532(74) 71% 50% 39% 19% 52% 64% 58% 25%  NR NR NR NR  31.6(6.3)  30.0(3.1) G
2020 E Innova
GE Vivid E9
Wang et al. China 30 24 54 56.3 (7.6 54.0 (8.1 67% 50% 7% 13% 33% 46% 37% 21% NR NR NR NR 24132 24.7 (35 Innova 3100
2019
EchoPAC
Mohammad
zad etal. Iran 45 45 90 52.6 (9.7) 53.2(8.3) 62% 33% 13% 8% 20% 34% 43% 18% 13%  24% NR NR  20.2(45)  28.4(4.5) GE Vivid 6
2019
Z%Tget al. China 70 50 120 56.9 (7.8) 526(9.3) 57% 54% 6% 4% 31% 36% 52% 46%  NR NR NR NR 24125  23.9(@3.1) chx(')"F',iEg
Xing et al. . o o o o o o GE Vivid E9
o1s China 60 51 111  56.8(8.0) 52.6(9.3) 72% 53%  NR NR 55% 45% 38% 35% NR NR NR NR  253(21)  24.0(3.1) EhOPAG
Kemaloglu -
etal. Turkey 40 40 80  53.4(117) 54.1(108) 65% 55% 33% 28% 13% 10% 53% 48%  NR NR NR NR  28.7(31)  27.2(4.0) TF::T':;E’;C
2016
‘2"(’)"’1%9 eta.  china 54 44 98 546(83)  555(84) 63% 50% 6% 2% 31% 36% NR NR  NR NR NR  NR NR NR %Eh\g;fc?
Barutcu GE Vivid 7
etal. Turkey 20 20 40 47.0(80)  440(10.0) 75% 80% 20% 15% 25% 20% 30% 30% NR NR NR NR  251(07)  25.2(1.3) Innova 2100
2015 EchoPAC
(236’1";' etal. Turkey 20 20 40 59.2 (9.6) 541(9.0) 40% 55% 25% 15% 65% 55% 10% 15% 35%  45% NR NR  30.2(32)  31.0(6.6) GEECxc')"F',dA(E:g
Narimani
etal. Iran 36 36 72 53.9 (8.3) 545(9.4) 69% 69% 19% 19% 42% 42% 42% 33% 44%  42% NR NR  30.6(47)  28.5 (4.0) GE
2015
Wang et al. " o o o o o o GE Vivid 7
2015 China 64 44 108  56.7(8.6) 555(8.2) 58% 43% 6% 2% 44% 41%  NR NR NR NR NR NR NR NR EohoPAG
Nurkalm
etal. Turkey 35 21 56 48.0 (7.0) 50.0(7.0) 71% 76% 17% 15% 43% 40% 44% 43%  NR NR NR NR  28.3(41)  28.0(3.3) GE Vivid 7
2008

BMI: Body Mass Index; CG: Control Group; CMR: Cardiac Magnetic Resonance; CS: Cross-Sectional Study; CSF: Case Subject Group; DM: Diabetes Mellitus; EchoPAC: Echocardiography Analysis Software; GE: General Electric; HTN:
Hypertension; NR: Not Reported; PC: Prospective Cohort Study; QLAB: Philips QLAB Ultrasound Software; SD: Standard Deviation; TomTec: TomTec Imaging Systems.
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Table 3: Association Between Left Ventricle Global Longitudinal Strain (LVGLS) and Coronary Slow Flow (CSF)

Condition LVGLS pultivariate Logistic ROC Analysis of LVGLS LVGLS vs. TFC Correlation
Author/Year Imaging Layer (Rest/Stress) CSE ce 9
Mean (SD) Mean (SD) P-value OR (95% CI) p-value cutoff AUC (95% CI) p-value R P-value

Soereef et al. 2D Global At rest 162 (1.3) -19.3 (1.3) 0.001 2'23(10'3)7 to 0.001 17.8%  0.96(0.92100.99)  0.001 0.49 <0.001
Mohammadzad et . 2D Global At rest -15.9 (0.9) -18.6 (0.6) 0.010 NR NR NR NR NR NR NR
Liv et al 2D Global At rest -18.2 (2.8) 197 (2.2) 0.001 1.3(L.1to 1.5) 0.004 33.4%  0.66(057t00.76)  0.002 0.19 0.040
2021 3D Global At rest -19.1 (4.3) -21.1(2.9) 0.003 1.2 (1.0to 1.3) 0.007 33.4%  0.69(0.60t00.78)  <0.001 0.26 0.004
‘2’\(’)‘3%9 etal. 2D Mid At rest -14.9 (2.9) -17.0 (2.6) 0.004 1.4 (1.0 to 2.0) 0.04 NR NR NR NR NR
Jovanovic et al 2D Global At rest -18.0 (1.7) -232(1.2) 0.001 NR NR NR NR NR NR NR
2020 2D Global  exercise stress 2209 (1.8) -28.4(1.3) 0.001 NR NR NR NR NR NR NR
Lol NR Global NR 219.2 (2.3) - 206 (2.4) 0.004 1.2 (0.9 to 1.6) 0.006 NR NR NR NR NR
Poelsamei et al. 2D Global At rest -15.0(2.7) -17.2 (2.5) 0.001 1.5 (NR) 0.03 15.85% 072 (0.61t00.83)  >0.05 033 0.002
Wang et al. 2D Global At rest -19.8 (2.4) -21.3 (2.4) 0.050 NR NR NR NR NR NR NR
2019 2D Global  exercise stress -23.9(2.8) -23.2(2.5) <0.001 NR NR NR NR NR NR NR
Mrohammadzad et al. 2D Global At rest -16.7 (2.4) -18.9 (1.6) 0.001 NR NR NR NR NR NR NR

2D Endo At rest 2230 (3.1) -24.6 (3.3) NR NR NR NR NR NR 031 0.010
Soietal 2D Mid At rest 200 (2.8) -21.6 (2.9) <0.010 NR NR NR NR NR 0.29 0.043

2D Epi At rest -18.9 (2.8) -19.1 (2.5) <0.05 NR NR NR NR NR 0.45 0.032

2D Global At rest -19.0 (2.1) -21.4 (1.6) 0.001 NR NR 22.5% 0.87 (0.63t0 1) 0.001 0.46 <0.05
xing et 2D Endo At rest -21.0 3.0) 247 (2.1) <0.001 NR NR NR NR NR NR NR
2018 2D Mid At rest 186 (3.0) -21.2(2.3) <0.001 NR NR NR NR NR NR NR

2D Epi At rest -17.6 (2.4) -18.4 (L7) 0.074 NR NR NR NR NR NR NR
Kemaloglu et al. 3D Global At rest 159 3.1) -21.7 (3.1) 0.001 NR NR NR NR NR 0.69 0.001

2D Endo At rest -19.6 (2.3) -20.8 (2.5) 0.009 NR NR NR NR NR NR NR
‘2"@%9 etal. 2D Mid At rest -17.6 (2.0) -18.7 (2.2) 0.010 NR NR NR NR NR NR NR

2D Epi At rest -15.9 (1.8) -16.9 (2.0) 0.010 NR NR NR NR NR NR NR
Egigm” etal. 2D Global At rest -18.2 (2.0) -22.1(2.5) 0.001 NR 0.001 NR NR NR NR NR
Suteletal 2D Global At rest 2211 (2.6) - 205 (3.5) 0.580 NR NR NR NR NR NR NR
Darimani et al. 2D Global At rest -14.6 (2.3) -15.0 (2.6) 0,510 NR NR NR NR NR NR NR
\2’\(’)?%9 etal. 2D Global At rest -19.3 (2.3) -20.6 (2.5) 0.004 NR NR NR NR NR NR NR
Nurkalm et al. 2D Mid A .
oS i t rest -20.7 (7.7) -23.7 (8.8) 0.140 NR NR NR NR NR 0.80 0.0001

2D: Two-Dimensional Imaging; 3D: Three-Dimensional Imaging; AUC: Area Under the Curve; CG: Control Group; Cl: Confidence Interval; CMR: Cardiac Magnetic Resonance; CSF: Coronary slow flow Group; Endo: Endocardial Layer; Epi:
Epicardial Layer; LVGLS: left ventricle Global Longitudinal Strain; LVEF: Left Ventricular Ejection Fraction; Mid: Mid-myocardial Layer; NR: Not Reported; OR: Odds Ratio; P-value: Probability value; ROC: Receiver Operating Characteristic;
SD: Standard Deviation.* Global peak Longitudinal Strain Rate (GLSR) vs. TFC Correlation
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Supplementary Table 1: Thrombolysis in Myocardial Infarction Frame Count (TFC) and Left Ventricular Ejection Fraction (LVEF) in Coronary Slow Flow (CSF) and Control Groups

Mean TFC LVEF %
Author/Year Condition
(Rest/Stress) CSF, Mean (SD) CG, Mean (SD) P-value CSF, Mean (SD)  CG, Mean (SD) P-value
Shereef et al. 2024 At rest 39.9 (3.9) 19.3(1.4) 0.001 61.1 (5.3) 61.5 (4.9) 0.668
Mohammadzad et al. 2021 At rest NR NR NR 54.5 (1.5) 54.8 (1.0) 0.020
Liu et al. 2021 At rest 35.6 (13.5) 19.9 (3.7) 0.001 63.0 (3.8) 63.7 (3.7) 0.240
Wang et al. 2020 At rest 40.3 (4.9) 22.7 (3.3) 0.001 64.0 (4.1) 64.9 (4.2) 0.430
) At rest NR NR NR 66.0 (5.7) 68.5 (4.2) NR
Jovanovic et al. 2020 .
exercise stress NR NR NR 69.2 (3.9) 71.7 (2.9) NR
Li et al. 2020 NR 38.3 (13.6) 21.5(2.3) 0.001 63.3 (4.0) 64.3 (4.4) 0.140
Abdelsamei et al. 2020 At rest 36.4 (3.7) 19.7 (0.9) 0.001 57.8 (5.7) 59.3 (3.3) 0.180
At rest 63.0 (4.0) 63.7 (2.4) 0.110
Wang et al. 2019 ) 39.8 (12.4) 21.8 (2.5) <0.001
exercise stress 68.5 (3.3) 68.0 (2.9) 0.370
Mohammadzad et al. 2019 At rest NR NR NR NR NR NR
Shi et al. 2019 At rest 43.3(9.6) 15.1 (2.7) 0.001 62.1 (4.3) 63.2 (2.8) NR
Xing et al. 2018 At rest 39.8 (7.3) 19.9 (1.3) 0.001 62.9 (3.2) 64.3 (3.8) 0.109
Kemaloglu et al. 2016 At rest 40.6 (7.5) 22.4(1.3) 0.001 60.3 (5.2) 62.0 (4.1) 0.052
Wang et al. 2016 At rest 38.6 (14.0) 21.4 (2.3) 0.001 63.0 (4.0) 64.5 (4.4) 0.100
Barutcu et al. 2015 At rest 22.5(5.8) NR NR 65.3 (4.5) 64.4 (3.0) 0.467
Gulel et al. 2015 At rest 39.1(10.9) 20.6 (3.0) 0.001 62.5 (3.5) 64.5 (5.4) 0.180
Narimani et al. 2015 At rest 40.0 (10.7) 15.2 (3.5) 0.001 60.7 (3.9) 62.1 (4.3) NR
Wang et al. 2015 At rest 38.6 (13.5) 21.5(2.3) 0.001 62.9 (3.8) 64.3 (4.4) 0.100
Nurkalm et al. 2008 At rest 45.2 (14.3) 20.8 (2.4) 0.001 60.9 (3.8) 62.0 (3.4) 0.890

2D: Two-Dimensional Imaging; 3D: Three-Dimensional Imaging; CG: Control Group; CMR: Cardiac Magnetic Resonance; CSF: Coronary slow flow Group; Endo: Endocardial Layer; Epi: Epicardial Layer;
GLS: Global Longitudinal Strain; GLSR: Global peak Longitudinal Strain Rate; Mid: Mid-myocardial Layer; NR: Not Reported; R: Correlation Coefficient; SD: Standard Deviation; TFC: Thrombolysis in
myocardial infarction frame coun




