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Background: Myocardial infarction with non-obstructive coronary arteries (MINOCA) is a heterogeneous clinical entity in which
coronary microvascular dysfunction plays a central pathophysiological role. The coronary slow flow phenomenon (CSFP) represents
an angiographic manifestation of microvascular dysfunction; however, reliable and practical biomarkers for its identification remain
limited. The stress hyperglycemia ratio (SHR) reflects acute metabolic stress beyond chronic glycemic status. This study aimed to
investigate the association between SHR and CSFP in patients with MINOCA.

Methods: In this single-center retrospective cohort study, 2073 patients undergoing coronary angiography for suspected myocardial
infarction between 1 January 2020 and 1 December 2025 were screened. 354 patients with MINOCA were included. Patients with
CSFP were matched 1:2 with controls according to age and sex using exact matching. SHR and other laboratory parameters were
assessed. Logistic regression and receiver operating characteristic (ROC) analyses were performed to identify independent predictors
of CSFP.

Results: Among the study population, 118 patients (33.3%) had CSFP. Patients with CSFP had significantly higher SHR levels, along
with increased C-reactive protein, triglycerides, low-density lipoprotein cholesterol, and uric acid, whereas HbAlc and serum albumin
levels were lower (all p < 0.05). In multivariable logistic regression analysis, SHR emerged as the strongest independent predictor of
CSFP (OR: 1.48, 95% CI: 1.30-1.69; p < 0.001). In ROC analysis, SHR demonstrated the highest discriminative performance for
CSFP (AUC: 0.74), with an optimal cut-off value of 0.998, yielding a sensitivity of 66.1% and a specificity of 64.3%.
Conclusion: SHR is independently associated with CSFP in patients with MINOCA, suggesting that acute metabolic stress plays
a key role in coronary microvascular dysfunction. SHR may serve as a simple and readily available marker for identifying high-risk
microvascular phenotypes in MINOCA patients.

Keywords: myocardial infarction with non-obstructive coronary arteries, coronary slow flow phenomenon, stress hyperglycemia ratio,
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Introduction
Myocardial infarction with non-obstructive coronary arteries (MINOCA) accounts for approximately 5-10% of all acute
myocardial infarction cases and represents a clinically challenging syndrome due to its heterogeneous pathophysiology,
which complicates both diagnosis and management.' Despite angiographically normal or near-normal epicardial cor-
onary arteries, patients with MINOCA may develop significant myocardial injury and ischemia, highlighting the
importance of pathophysiological mechanisms beyond epicardial coronary disease. Current evidence and consensus
reports indicate that coronary microvascular dysfunction, endothelial dysfunction, vasospasm, inflammation, and acute
metabolic stress play a central role in the pathogenesis of MINOCA.?

The coronary slow flow phenomenon (CSFP) is characterized by delayed contrast progression within the epicardial
coronary arteries in the absence of obstructive coronary artery disease and is considered an angiographic manifestation of
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coronary microvascular dysfunction.’ Contemporary studies have demonstrated that CSFP is associated with recurrent
angina, acute coronary syndrome-like clinical presentations, and an increased risk of major adverse cardiovascular
events.* Notably, the presence of CSFP in patients with MINOCA further underscores the clinical relevance of impaired
coronary microvascular perfusion.

Despite growing interest in this area, clinically practical and reliable markers capable of predicting adverse outcomes
and underlying microvascular dysfunction in patients with MINOCA and CSFP remain limited. In recent years, several
inflammatory and metabolic biomarkers have been reported to be associated with CSFP and coronary microvascular
dysfunction.®® However, most of these markers predominantly reflect chronic metabolic burden and may inadequately
capture the contribution of acute stress—related metabolic responses.

The stress hyperglycemia ratio (SHR) is a parameter that differentiates acute stress—induced hyperglycemia from an
individual’s underlying chronic glycemic status, thereby providing a more specific reflection of the metabolic component
of systemic stress.” Previous studies have demonstrated that SHR is independently associated with adverse clinical
outcomes and poor prognosis in patients with coronary artery disease.'™'' In addition, studies conducted in heart failure
and MINOCA cohorts have reported that elevated SHR levels are associated with worse long-term outcomes.'>'?

To date, no study has directly explored the relationship between SHR and CSFP, an angiographic marker of coronary
microvascular dysfunction, beyond clinical outcomes. Therefore, the present study aimed to investigate the association between
SHR and CSFP in patients with MINOCA and to evaluate the potential predictive value of SHR for the presence of CSFP.

Materials and Methods
Study Design and Population

This single-center study was designed as a retrospective cohort study. A total of 2073 patients aged >18 years who
presented to our clinic with chest pain between 1 January 2020 and 1 December 2025, underwent coronary angiography
with a preliminary diagnosis of myocardial infarction, and were found to have no obstructive coronary artery disease
(=50% stenosis) were included.

MINOCA was defined as cases fulfilling the universal definition of myocardial infarction, with <50% coronary
stenosis on angiography and no alternative clinically overt cause explaining the acute presentation.'* "¢

Based on coronary angiographic findings, patients with CSFP were matched with controls in a 1:2 ratio using exact
matching for age and sex to reduce potential confounding. Control patients were randomly selected from individuals
meeting the matching criteria.

Patients with heart failure, moderate-to-severe valvular heart disease, cardiomyopathy, previously known coronary
artery disease, coronary artery aneurysm, spasm, ectasia or dissection, peripheral arterial disease, non-sinus rhythm,
advanced liver or renal failure (¢GFR <30 mL/min/1.73 m2), acute or chronic infection, malignancy, trauma, chronic
obstructive pulmonary disease, anemia, autoimmune, hematologic or chronic inflammatory diseases, as well as those
with missing laboratory or angiographic data, were excluded (Figure 1).

Data Collection
Demographic, clinical, laboratory, and angiographic data were obtained from the hospital electronic medical records.
Angiographic images and clinical data were evaluated by an experienced interventional cardiologist.

Laboratory Measurements

Venous blood samples were collected after at least 8 hours of fasting prior to coronary angiography. Complete blood
count, fasting plasma glucose, HbAlc, C-reactive protein (CRP), high-density lipoprotein (HDL) cholesterol, low-density
lipoprotein (LDL) cholesterol, uric acid, creatinine, triglycerides, thyroid function tests, aspartate aminotransferase
(AST), and albumin levels were measured using standard automated analyzers. SHR was calculated using the following
formula (with glucose expressed in mmol/L): Fasting glucose (mmol/L)/ [1.59xHbAlc (%)—2.59]. Glucose values
measured in mg/dL were converted to mmol/L by dividing by 18."7"' The triglyceride—glucose index (TGI) was

calculated as: In [Triglycerides (mg/dL)xfasting glucose (mg/dL)/2].%°
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Figure | Flowchart of the study population.

Coronary Angiographic Assessment

Coronary angiography was performed using the standard Judkins technique at 30 frames per second. At least four
projections were obtained for the left coronary system and two projections for the right coronary artery (RCA). The first
frame was defined as the frame in which contrast filled >70% of the arterial lumen antegradely, and the final frame as the
moment contrast reached predefined distal landmarks (distal bifurcation for the left anterior descending coronary artery
(LAD), distal bifurcation of the obtuse marginal branch for the circumflex coronary artery (LCX), and the first branch of
the posterolateral artery for the RCA. CSFP was defined as a corrected TIMI frame count (TFC) exceeding the
established normal reference values in at least one major epicardial coronary artery. Due to vessel length, LAD TFC
values were corrected by dividing by 1.7, yielding the corrected TFC (cTFC) Validation and normal reference values
were based on the original work by Gibson et al Normal cut-off values for epicardial coronary filling were defined as
36.2 + 2.6 for the LAD (corrected: 21.1 + 1.5), 22.1 + 4.1 for the LCX, and 20.4 + 3 for the RCA.*!

Statistical Analysis

Statistical analyses were performed using SPSS software (version 27.0; IBM Corp., Armonk, NY, USA). Continuous
variables were tested for normality using the Kolmogorov—Smirnov test and are presented as mean + standard deviation
or median (interquartile range), as appropriate. Categorical variables are expressed as numbers and percentages. Group
comparisons were conducted using the Student’s #-test or Mann—Whitney U-test for continuous variables and the chi-
square test for categorical variables. Factors associated with CSFP were evaluated using logistic regression analysis.
Pearson correlation analysis was performed. The correlated parameters were not included in the regression analysis.
Multicollinearity was assessed using the variance inflation factor (VIF), and variables with VIF >10 were excluded from
the multivariable model. Discriminative performance was assessed using receiver operating characteristic (ROC) curve
analysis, and the optimal cut-off value was determined using the Youden index. A p-value <0.05 was considered

statistically significant.
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Results

A total of 354 patients were included in the study. Based on coronary angiographic findings, patients were classified into
two groups according to the presence or absence of CSFP and were matched in a 1:2 ratio according to age and sex. The
mean age of the overall cohort was 55.6 + 6.8 years, and 66.9% of the patients were male.

Baseline demographic, clinical, and laboratory characteristics of the study population are summarized in Table 1.
Patients with CSFP had significantly higher levels of CRP, glucose, triglycerides, LDL cholesterol, uric acid, SHR, and
TGI compared with those without CSFP (all p < 0.05). In contrast, HbAlc and serum albumin levels were significantly
lower in the CSFP group (p < 0.05). No significant differences were observed between the two groups with respect to
other demographic variables, medication use, or routine hematological and biochemical parameters.

Angiographic characteristics are presented in Table 2. TFC values for the left anterior descending artery (LAD),
circumflex artery (CX), and right coronary artery (RCA) were significantly higher in the CSFP group than in the control

Table 1 Baseline Demographic, Clinical, and
Laboratory Characteristics Stratified by CSFP Status

Variables CSFP (+) | CSFP (=) | P value
(n=118) | (n=236)

Age (year) 55.6+6.8 55.6+6.8 |
Sex (male, %) 79 (66.9) | 158 (66.9) |
HT (number, %) 69 (58.5) | 162 (68.6) 0.059
DM (number, %) 16 (13.6) 43 (18.2) 0.268

Medications

ASA I1(9.3) 25 (10.5) 0.614
Beta Blocker 14 (11.9) 32 (13.5) 0.232
CCB 18 (15.2) 41 (17.3) 0.257
ACEI/ARB 52 (44.1) 110 (46.6) 0.136
Laboratory

Whe (10%/L) 10£3.5 10.2+4.1 0.783
Hb (g/dL) 14.5£1.6 14.7£1.9 0.574
PLT (10°/L) 244169 254171 0.204
AST (U/L) 29+7 3349 0.073
CRP (mg/L) 11.5+4.5 7.8+3.9 0.001

Creatinine (mg/dL) 0.9+0.3 0.99+0.4 0.805

Glucose (mg/dL) 125%16 117£12 0.003
Albumin (g/dL) 42+4.3 43+5.1 0.037
TG (mg/dL) 159445 133+58 | <0.00!
LDL (mg/dL) 144+27 125438 | <0.001
HDL (mg/dL) 38 +8 37%11 0.152
HbAlc (%) 5.8+0.4 6.2+0.7 0.001
(Continued)
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Table | (Continued).

Variables CSFP (+) | CSFP (-) | P value
(n=118) | (n=236)

Uric acid (mg/dL) 5.46x1.1 5.19£1.3 0.026

SHR 1.12£0.19 | 0.9 4£0.21 | <0.00I

TGI 9.13£0.39 | 8.83+0.48 | <0.001

LDL/HDL Ratio 3.95+1.26 | 3.84+1.8l 0.048

Abbreviations: CSFP, Coronary Slow Flow Phenomenon; HT,
Hypertension; DM, Diabetes Mellitus; ASA, Acetylsalicylic Acid; CCB,
Calcium Channel Blocker; ACEI, Angiotensin Converting Enzyme
Inhibitor; ARB, Angiotensin Receptor Blocker; Wbc, White Blood

Cell;  Hb,

Hemoglobin; PLT,

Platelet;  AST,

Aspartate

Aminotransferase; CRP, C-Reactive Protein; TG, Triglyceride; LDL,
Low Density Lipoprotein; HDL, High Density Lipoprotein; HbAlc,

Glycated hemoglobin; SHR, Stress Hyperglycemia Ratio; TGlI,
Triglyceride Glucose Index.
Table 2 Angiographic Characteristics of the Two Groups
CSFP (+) Group | CSFP (-) Group | P value
TIMI Frame Count <0.001
cLAD 27.3+£6.9 19.9+2.6
CX 23.745.1 18.9+2.3
RCA 25.5%5.8 18.5+2.1
Mean TFC 25.5%3.9 19.1+2.3
CSFP Distribution
LAD 67 (56.8)
CX 54 (45.8)
RCA 73 (61.9)

Number of vessels i

nvolved in CSFP

I, n (%) 66 (55.9)
2, n (%) 28 (23.7)
3, n (%) 24 (20.3)

Abbreviations: CSFP, Coronary Slow Flow Phenomenon; cLAD, corrected Left Anterior
Descending Artery; CX, Circumflex Artery; RCA, Right Coronary Artery; TFC, TIMI

Frame Count.

group (all p <0.001). Among patients with CSFP, single-vessel involvement was observed in 55.9% of cases, while two-
and three-vessel involvement were present in 23.7% and 20.3%, respectively. The RCA was the most frequently affected

vessel (61.9%).

Pearson correlation analysis revealed a significant positive correlation between SHR and HbAlc (r = 0.323) as well as
between SHR and fasting glucose (r = 0.860). Multicollinearity analysis demonstrated that the variance inflation factor
(VIF) values for SHR, glucose, and HbAlc exceeded 10. Therefore, glucose and HbAlc were excluded from the

regression model. Accordingly, SHR was retained as a composite marker reflecting acute glycemic stress.
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Table 3 Logistic Regression Analysis of Parameters Significantly Associated

with CSFP
Variable Univariable OR | p value | Multivariable OR | p value
(95% CI) (95% CI)
CRP 1.016 (1.001-1.031) 0.032 1.013 (0.996-1.030) | 0.140
Albumin 0.961 (0.919-0.998) 0.037 | 0.965 (0.915-1.018) | 0.191
Uric acid 1.183 (1.009-1.407) 0.026 1.276 (1.039-1.567) 0.020
LDL 1.015 (1.008-1.022) | <0.001 1.020 (1.012-1.028) | <0.001
Triglyceride | 1.008 (1.004-1.012) | <0.001 1.009 (1.005-1.014) | <0.00I
SHR 1.451 (1.290-1.633) | <0.001 1.483 (1.303-1.687) | <0.001

Abbreviations: SHR, Stress Hyperglycemia Ratio; LDL, Low Density Lipoprotein; CRP,
C-reactive protein; OR, Odds ratio; Cl, confidence interval.

Variables significantly associated with CSFP were entered into logistic regression analyses (Table 3). In univariable

analysis, higher levels of CRP, uric acid, LDL cholesterol, triglycerides, and SHR were significantly associated with the

presence of CSFP, whereas serum albumin levels showed an inverse association. In multivariable logistic regression
analysis, uric acid (OR: 1.27, 95% CI: 1.03—1.56; p = 0.020), LDL cholesterol (OR: 1.02, 95% CI: 1.01-1.03; p < 0.001),
and triglyceride levels (OR: 1.01, 95% CI: 1.01-1.01; p < 0.001) remained independently associated with CSFP. Notably,
SHR emerged as the strongest independent predictor of CSFP. Each 0.1-unit increase in SHR was associated with a 48%
higher likelihood of CSFP after adjustment for potential confounders (OR: 1.483, 95% CI: 1.30-1.68; p < 0.001).
Receiver operating characteristic (ROC) curve analysis was performed to compare the discriminatory performance of
SHR with previously reported biomarkers associated with CSFP (Figure 2). SHR demonstrated the highest predictive
value for CSFP, with an area under the curve (AUC) of 0.740 (95% CI: 0.688—-0.792; p < 0.001), outperforming TGI and
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Figure 2 Receiver operating characteristic (ROC) curve analysis.
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Table 4 Area Under the Curve Values (AUC) of

Parameters
Variables AUC 95% ClI P value
SHR 0.740 | 0.688-0.792 | <0.001
TGI 0.683 | 0.626-0.740 | <0.001
LDL/HDL Ratio | 0.566 | 0.505-0.627 0.048

Abbreviations: SHR, Stress Hyperglycemia Ratio; TGlI,
Triglyceride-Glucose  Index; LDL/HDL, Low Density
Lipoprotein/High Density Lipoprotein; Cl, confidence interval;
Auc, Area Under the Curve.

the LDL/HDL ratio (Table 4). Using the optimal cut-off value of 0.998 determined by the Youden index, SHR predicted
CSFP with a sensitivity of 66.1% and a specificity of 64.3%.

Discussion

In this study, we investigated the association between SHR and CSFP in patients with MINOCA. Our findings
demonstrated that SHR was significantly and independently associated with the presence of CSFP. Elevated SHR
emerged as a novel predictive parameter for CSFP, an angiographic manifestation of coronary microvascular dysfunction
in MINOCA patients. Moreover, SHR showed superior discriminative ability for predicting CSFP compared with
previously reported metabolic and lipid parameters. To the best of our knowledge, this is the first study to directly
examine the relationship between SHR and CSFP within the MINOCA spectrum.

MINOCA accounts for approximately 5-10% of all acute myocardial infarction cases and represents a clinically
challenging syndrome due to its heterogeneous and complex pathophysiology.! Accumulating evidence suggests that
coronary microvascular dysfunction, endothelial impairment, vasospasm, inflammation, and acute metabolic stress play
central roles in the pathogenesis of MINOCA.? In this context, CSFP, which is frequently observed in MINOCA, is
considered an angiographic surrogate of impaired microvascular perfusion.’ Despite the absence of obstructive coronary
artery disease, both MINOCA and CSFP have been associated with a substantial long-term risk of major adverse
cardiovascular events and mortality.>'***** However, data regarding reliable risk stratification tools and predictors of
adverse outcomes in this population remain limited. Recent studies have highlighted potential associations between
inflammatory and metabolic biomarkers and both MINOCA and CSFP.% %242

CSFP is an angiographic finding observed in patients without obstructive coronary artery disease, with a reported
incidence ranging from 1% to 7% across different series.* Although previously regarded as a benign angiographic
variant, growing evidence indicates that CSFP is closely associated with adverse cardiovascular outcomes, including
malignant ventricular arrhythmias, acute coronary syndromes, and sudden cardiac death.®> A substantial proportion of
patients with CSFP experience recurrent angina-like chest pain leading to repeated emergency department visits or
hospital admissions.**’

The pathogenesis of CSFP remains incompletely understood; however, current evidence suggests a multifactorial
process involving coronary microvascular dysfunction, endothelial dysfunction, heightened inflammatory activity, and
metabolic dysregulation. Increased TIMI frame count values in the absence of epicardial stenosis reflect impaired
microvascular perfusion.”® The lack of clearly defined risk factors and the association of CSFP with adverse clinical
outcomes underscore that it represents more than a simple angiographic finding. Consequently, various biomarkers have
been investigated to improve CSFP identification and prediction. Several inflammatory and nutritional indices, including
the inflammatory burden index, systemic immune-inflammation index, neutrophil percentage-to-albumin ratio, and global
immune-nutritional inflammation index, as well as metabolic markers such as the triglyceride—glucose index, atherogenic
lipid parameters, and uric acid levels, have been linked to CSFP.***? In line with these mechanisms, microvascular
perfusion abnormalities such as the no-reflow phenomenon have also been linked to endothelial dysfunction and
metabolic disturbances. In a recent study, elevated homocysteine levels were reported to be associated with the
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occurrence of the coronary no-reflow phenomenon in patients undergoing primary percutaneous coronary intervention.*
Consistent with these reports, our study demonstrated significantly higher CRP, glucose, triglyceride, LDL cholesterol,
and uric acid levels in patients with CSFP, supporting the presence of a pronounced inflammatory—metabolic milieu
underlying this phenomenon.

SHR is a parameter that distinguishes acute stress-induced hyperglycemia from chronic glycemic status, thereby more
specifically reflecting the metabolic component of systemic stress.” During acute stress, elevations in catecholamines,
cortisol, and glucagon promote insulin resistance, accelerate gluconeogenesis and glycogenolysis, and result in marked
hyperglycemia. Beyond a metabolic response, this process is closely linked to endothelial dysfunction, oxidative stress,
and inflammatory activation.***> Experimental and clinical data indicate that acute hyperglycemia reduces nitric oxide
bioavailability, increases reactive oxygen species, and impairs endothelial vasodilatory responses.®>*® In addition, stress
hyperglycemia may exacerbate microvascular perfusion abnormalities by enhancing platelet activation and
coagulation.’”*® Acute stress hyperglycemia may contribute to CSFP development by promoting microvascular dysfunc-
tion through these pathophysiological mechanisms.*

SHR has been associated with adverse outcomes across a wide range of cardiovascular conditions. In studies
evaluating SHR, elevated SHR has been associated with adverse clinical outcomes in patients with ST-segment elevation
myocardial infarction undergoing percutaneous coronary intervention.'® Another study demonstrated that higher SHR
levels were independently associated with poor prognosis in patients with acute coronary syndrome.'' In a recent meta-
analysis assessing the prognostic value of SHR in patients with heart failure, studies using an SHR cut-off value of >1.05
showed a more pronounced association with all-cause mortality compared with those applying a cut-off value of <1.05.%°
In patients with heart failure with preserved ejection fraction (HFpEF), a study evaluating long-term clinical outcomes
reported that an SHR >0.99 was independently associated with increased risks of all-cause mortality, cardiovascular
mortality, and rehospitalization due to heart failure.'” Other studies have shown that SHR is an important predictor of
major adverse cardiovascular events (MACE) in patients with chronic total occlusion*' and triple-vessel coronary artery
disease.*” In a study conducted by Fuad A. Abdu et al, elevated SHR was associated with poor long-term prognosis in
patients with MINOCA."? Similarly, in a MINOCA cohort analyzed by Gao et al, higher SHR levels were also linked to
adverse clinical outcomes.*> However, most of these studies evaluated SHR solely in relation to clinical outcomes.

Our study demonstrates that SHR, which integratively assesses acute glycemic response and chronic glycemic status,
is significantly and independently associated with CSFP—an angiographic marker of microvascular dysfunction—in
patients with MINOCA, thereby offering a novel perspective beyond clinical prognosis.

In line with the existing literature, the present study demonstrated that patients with CSFP had significantly higher
levels of CRP, glucose, uric acid, LDL cholesterol, triglycerides, and SHR, whereas HbAlc and serum albumin levels
were lower. Elevated CRP, uric acid, and atherogenic lipid parameters may reflect an enhanced inflammatory and
oxidative stress milieu, which has been implicated in endothelial dysfunction and impaired coronary microvascular
perfusion. In contrast, lower albumin levels may indicate an increased inflammatory burden and reduced antioxidant
capacity, while relatively lower HbAlc levels suggest that acute stress—related hyperglycemia, rather than chronic
glycemic exposure, may play a more prominent role in the pathogenesis of CSFP. Moreover, the independent associations
of uric acid, LDL cholesterol, triglycerides, and particularly SHR with CSFP in multivariable regression analysis further
underscore the contribution of acute metabolic stress to this pathophysiological process. Additionally, in ROC curve
analysis, SHR exhibited superior discriminative performance compared with other biomarkers (AUC: 0.74). The SHR
cut-off value of 0.998 identified in our study is consistent with previously reported SHR cut-off values in the literature
and further supports its clinical applicability.

Given that CSFP in MINOCA patients is associated with increased symptom burden, recurrent angina, and adverse
cardiovascular outcomes, early recognition of this phenotype is clinically important. In the setting of MINOCA, where
conventional angiography often fails to identify an obvious culprit lesion, SHR may help identify a high-risk micro-
vascular phenotype requiring closer surveillance and tailored management. As a readily available parameter derived from
routine laboratory tests, SHR represents a practical and accessible tool for early risk stratification and suspicion of
coronary microvascular dysfunction in this patient population.
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Limitations

This study has several limitations. The retrospective and single-center design limits causal interpretation of the findings.
Patients were carefully matched for age and sex; however, despite multivariable regression analyses, residual confound-
ing may still exist. Coronary microvascular function was evaluated using TFC rather than invasive physiological
measurements. Moreover, CSFP is a dynamic condition, and a single angiographic assessment may not fully reflect
temporal variations in microvascular function. Nevertheless, the real-world nature of this cohort mirrors routine clinical
practice and supports the clinical relevance of our results. Finally, large-scale multicenter prospective studies are needed
to validate the role of SHR in different populations and clinical subgroups.

Conclusion

In conclusion, this study demonstrated that SHR is independently associated with CSFP in patients with MINOCA. Our
findings suggest that acute metabolic stress and systemic inflammation may contribute to the development of coronary
microvascular dysfunction. Given its simplicity and availability, SHR can be considered a potential risk stratification
marker for CSFP. Further prospective studies are needed to clarify its clinical utility and predictive value in MINOCA
patients.
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