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Background: The triglyceride-glucose (TyG) index is a reliable marker of insulin resistance, and the atherogenic index of plasma
(AIP) reflects atherosclerosis. However, the relationship between these biomarkers—particularly AIP—and coronary microvascular
dysfunction (CMD) in hypertensive patients has not been systematically studied. This study investigates the association between TyG,
AIP, and CMD in hypertensive individuals.

Methods: We included 155 hypertensive patients with coronary anatomy confirmed by coronary angiography (CAG) or computed
tomography angiography (CTA) within six months of SPECT imaging. CMD was diagnosed with a summed stress score (SSS) >4 and
a summed difference score (SDS) >2. Patients were stratified into tertiles by TyG index and AIP. Logistic regression, adjusted for
traditional cardiovascular risk factors, was used to explore the relationship with CMD. The predictive value of TyG and AIP was
assessed using receiver operating characteristic (ROC) curves, and decision curve analysis (DCA) evaluated their clinical benefit.
Results: Logistic regression revealed that both TyG and AIP were independently associated with coronary artery disease (CAD)
(P<0.05 for both). The area under the ROC curve (AUC) for TyG, AIP, and their combined predictive capacity for CMD was 0.744,
0.707, and 0.748, respectively (P<0.001 for all). The optimal cutoff values for TyG and AIP were 7.012 and 0.5175, respectively.
Combining both biomarkers enhanced clinical decision-making and patient benefit.

Conclusion: Higher levels of TyG and AIP are significantly associated with an increased risk of CMD in hypertensive patients. Both
biomarkers exhibit strong predictive value, with AIP showing greater specificity and TyG higher sensitivity. Their combined use can
improve clinical decision-making and patient outcomes.
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Introduction

Hypertension represents a major global health burden and remains one of the foremost cardiovascular risk factors.
Hypertension-mediated organ damage (HMOD) is frequently observed in individuals with severe or long-standing
hypertension, and even in those with modest elevations in blood pressure, including asymptomatic individuals with
elevated blood pressure levels." Notably, the presence of HMOD is associated with a 2- to 3-fold increased cardiovas-
cular risk across all categories of blood pressure above normal or optimal levels.> Coronary microvascular disease
(CMD), which involves dysfunction and structural impairment of the coronary microcirculation, is a well-established
complication of hypertension.>* Other contributing factors, including metabolic syndrome, diabetes, and dyslipidemia,
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exacerbate the development of CMD in hypertensive patients. Consequently, a significant proportion of individuals with
hypertension are affected by CMD.>¢ Early identification of high-risk subgroups within this population is critical for
effective prevention and improved clinical outcomes.

Dyslipidemia has been implicated in exacerbating coronary endothelial and microvascular dysfunction.” The athero-
genic index of plasma (AIP), first proposed by Dobidsova and Frohlich in 2001, is calculated as the negative logarithm of
the ratio of triglycerides (TG) to high-density lipoprotein cholesterol (HDL-C).* AIP not only reflects the lipid profile but
also correlates with the pathogenesis of atherosclerosis, coronary plaque formation, acute coronary thrombosis, and
chronic coronary occlusion.””'® Epidemiological evidence supports AIP as a significant predictor of hypertension,
diabetes, obesity, and other components of metabolic syndrome, with a direct association to an elevated risk of
cardiovascular events.!' Recent studies have further suggested that dyslipidemia may be linked to coronary slow flow,
implicating AIP in the development of CMD.'*"'> However, while AIP has been linked to CMD in various populations,
the specific relationship between AIP and CMD in hypertensive patients remains insufficiently explored. Our study
specifically addresses this gap, focusing on hypertensive individuals who are at higher risk for CMD and cardiovascular
events, thereby providing valuable insights for this high-risk subgroup.

Insulin resistance (IR), a hallmark of type 2 diabetes mellitus (T2DM), is recognized as a pivotal contributor to
CMD.'%!" Defined by diminished insulin sensitivity, IR necessitates elevated insulin levels to achieve normal physiological
responses, and it is a well-established risk factor for CMD, influencing both its initiation and progression.'®'? Despite its
critical role in the pathogenesis of CMD, challenges in the clinical detection of IR, coupled with the limited number of
studies specifically examining its role in CMD, highlight the need for further investigation. The triglyceride-glucose (TyG)
index, derived from fasting blood glucose (FBG) and fasting triglycerides (TG), has emerged as a reliable surrogate marker
for IR.?%*! Several studies have demonstrated that an elevated TyG index correlates with the presence and poor prognosis of
various cardiovascular conditions, including carotid atherosclerosis, coronary artery disease, arterial stiffness, and coronary
microvascular dysfunction.”> ?° Furthermore, recent studies suggest that the TyG index may independently predict
coronary slow flow, further implicating it in the pathogenesis of CMD.?® However, while the TyG index has been explored
in relation to cardiovascular conditions, its specific role in CMD among hypertensive patients remains to be fully
elucidated. This study addresses this gap by investigating both the TyG index and AIP in hypertensive patients with
CMD, offering a dual biomarker approach to better understand the complex interplay between these indices in CMD
development.

This study aims to investigate the associations between the TyG index, AIP, and CMD in hypertensive patients, with
a focus on their combined predictive value for CMD risk. By examining both biomarkers in a hypertensive population,
we seek to provide a more comprehensive understanding of their roles in CMD and to explore their potential utility for
early detection and clinical decision-making.

Methods

Ethical Considerations
This study was conducted at Tianjin Chest Hospital in accordance with the ethical principles outlined in the Declaration
of Helsinki. The study protocol was reviewed and approved by the Institutional Review Board of Tianjin Chest Hospital.
Given the retrospective design of the study, the requirement for informed consent was waived by the review board.
However, measures were taken to protect participants’ privacy, and it was confirmed that the data were anonymized or
maintained with confidentiality.

Study Design

We conducted a retrospective cohort study involving 346 hypertensive patients who underwent myocardial single-photon
emission computed tomography (SPECT) imaging at Tianjin Chest Hospital between September 17, 2021, and
November 1, 2023. The inclusion criteria were: (1) age > 18 years and < 80 years; (2) completion of coronary
angiography (CAG) or coronary computed tomography angiography (CTA) within 6 months before or after the
SPECT examination. Exclusion criteria included: (1) malignancy, infectious diseases, severe hepatic or renal dysfunction,
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346 hypertension
patients underwent
SPECT

157 patients did not
undergo CAG or coronary
CTA within six months
before or after completing
the SPECT examination.
15 patients with tumors,
infectious diseases, severe
hepatic and renal
dysfunction and thyroid
abnormalities.

19 patients lacked of
FBG, lipid profile or
other measurements

Non-CMD CMD
(N=72) (N=83)

Figure | Flow chart of subject recruitment.

Abbreviations: CAG coronary angiography; CTA coronary computed tomography angiography; CMD coronary microvascular dysfunction; FBG, fasting plasma glucose.
or thyroid disorders; (2) incomplete laboratory data, including fasting blood glucose (FBG) or other relevant measure-
ments (Figure 1). A total of 155 patients met the inclusion criteria, of whom 83 were diagnosed with coronary
microvascular disease (CMD) and 72 were not (Figure 1). Based on predefined diagnostic criteria for CMD, the patients
were divided into two groups: the CMD group (n = 83) and the non-CMD group (n = 72).

Data Collection

Patient data were extracted from the hospital’s electronic medical records, including demographic characteristics, clinical
histories, laboratory results, and relevant imaging reports. Demographic variables included age, sex, and smoking history.
Clinical histories included diabetes, coronary artery disease (CAD), heart failure (HF), atrial fibrillation, family history of
cardiovascular disease, and current medication use, including antihypertensive, antidiabetic, lipid-lowering, and anti-
platelet drugs. Blood samples were collected by trained medical personnel following an overnight fast. Laboratory
parameters measured included red blood cell count (RBC), microalbuminuria (MAU), estimated glomerular filtration rate
(eGFR), uric acid (UA), serum creatinine (Cr), homocysteine (HCY), D-dimer, brain natriuretic peptide (BNP), high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), FBG, glycated hemoglobin
(HbAlc), total cholesterol (TC), triglycerides (TG), high-sensitivity C-reactive protein (hs-CRP), and high-sensitivity
troponin T (hs-TNT). Echocardiogram, CAG, and CTA data were obtained from the corresponding reports.

Evaluation of Coronary Microvascular Function

SPECT images were independently interpreted by two experienced cardiologists, both blinded to the patients’ clinical
characteristics. Using QPS software (Cedars-Sinai Medical Center, LA, CA), standardized myocardial segmentation of 17
regions and a 5-point scoring system were applied to assess the extent and severity of perfusion defects (0 = normal, 4 =no
tracer uptake).”’ The summed stress score (SSS) represented the total score for defects observed in the stress images, the
summed rest score (SRS) represented the total score for defects in the rest images, and the summed difference score (SDS)
was the sum of the differences between the corresponding stress and rest scores. SSS, SRS, and SDS values were recorded
as the mean of upright and supine image scores. A perfusion defect was considered abnormal if SSS >4 and SDS > 2, which

indicates ischemia in a single coronary artery region without >50% coronary stenosis.”*>

Definitions and Grouping
Diabetes was diagnosed based on the following criteria: (1) HbAlc > 6.5%; (2) random blood glucose > 11.1 mmol/L; (3)
FBG > 7.0 mmol/L; or (4) 2-hour plasma glucose > 11.1 mmol/L in an oral glucose tolerance test. 2’ Hypertension was
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defined as a resting systolic blood pressure (SBP) > 140 mmHg or diastolic blood pressure (DBP) > 90 mmHg, or the use of
antihypertensive medications. CAD was defined by >50% luminal stenosis in the main coronary artery.> CMD was
diagnosed according to previously established criteria: SSS > 4, SDS > 2, and ischemic regions with coronary stenosis
<50%. The atherogenic index of plasma (AIP) was calculated using the formula: lg (TG [mg/dL] / HDL-C [mg/dL]).® The
triglyceride-glucose (TyG) index was calculated as In((TG [mg/dL] x FPG [mg/dL]) / 2).*°

Statistical Analysis

Continuous variables are expressed as mean + standard deviation (SD) for normally distributed data or as median
(interquartile range [IQR]) for non-normally distributed data. Between-group comparisons were performed using the
independent #-test or analysis of variance (ANOVA) for normally distributed variables and the Mann—Whitney U-test or
Kruskal-Wallis test for non-normally distributed variables. Categorical variables are presented as frequencies and
percentages, with comparisons between groups conducted using Pearson’s chi-square (y?) test or Fisher’s exact test as
appropriate. Logistic regression models were employed to examine the association between the TyG index and AIP
(independent variables) and CMD (dependent variable), with odds ratios (ORs) and 95% confidence intervals (Cls)
calculated. The TyG index was divided into three groups based on tertiles, and three models were constructed to explore
the interaction between the TyG index and CMD: Model 1 (unadjusted); Model 2 (adjusted for age and sex); and Model 3
(adjusted for age, sex, coronary artery disease [CAD], left ventricular [LV] volume, left ventricular ejection fraction
[LVEF], LDL, MAU, D-dimer, HDL, lipid-lowering drugs, antiplatelet drugs, and antidiabetic medications).

Similarly, AIP was categorized into tertiles, and three models were developed to evaluate the relationship between
AIP and CMD, considering significant covariates: Model 1 (unadjusted); Model 2 (adjusted for age and sex); and Model
3 (adjusted for additional covariates including CAD, LV, LVEF, LDL, MAU, D-dimer, HbAlc, lipid-lowering drugs,
antiplatelet drugs, and antidiabetic medications).

Receiver operating characteristic (ROC) curve analysis was used to assess the predictive performance of the TyG
index and AIP for CMD, with area under the curve (AUC) values and corresponding 95% Cls reported. The optimal cut-
off values for TyG and AIP were determined using the maximum Youden index, calculated as sensitivity + specificity —
1. Decision curve analysis (DCA) was employed to evaluate the clinical utility of the TyG index and AIP in decision-
making. All statistical analyses were performed using SPSS 25.0 (IBM, USA) and R (version 4.2.0, R) statistical
software. A two-tailed P value < 0.05 was considered statistically significant.

Results
Clinical Characteristics of CMD and Non-CMD Groups

The study included 155 participants, of whom 83 were newly diagnosed with coronary microvascular dysfunction
(CMD) and 72 served as controls without CMD (Table 1). The mean age of the cohort was 64.0 years (interquartile range
[IQR], 54.5-70.0), with 56.77% (88/155) of the participants being male. Statistically significant differences between the
CMD and non-CMD groups were observed in terms of coronary artery disease (CAD), left ventricular (LV) function, left
ventricular ejection fraction (LVEF), microalbuminuria (MAU), D-dimer levels, the use of lipid-lowering medications,
antiplatelet therapy, antihyperglycemic treatment, triglyceride levels (TG), high-density lipoprotein cholesterol (HDL-C),
the triglyceride-glucose (TyG) index, the atherogenic index of plasma (AIP), and fasting blood glucose (P < 0.05).

Association Between the TyG Index and CMD

The TyG index was stratified into three tertiles: I (TyG < 6.814), II (6.814 < TyG < 7.148), and III (TyG > 7.148).
Multivariable logistic regression analysis, adjusted for conventional cardiovascular risk factors and medical treatments,
revealed a significant association between the TyG index and CMD (P = 0.001; Table 2). As a continuous variable, the
TyG index was significantly associated with CMD (odds ratio [OR] = 1.25; 95% confidence interval [CI], 1.10-1.43; P =
0.001). Furthermore, in the categorical analysis, individuals in the highest tertile (III) exhibited a 5.91-fold increased risk
of CMD compared to those in the lowest tertile (I) (95% CI, 1.81-19.27; P < 0.005), after adjusting for confounders.
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Table | Baseline Characteristics of the Study Population

Variables Total (n = 155) CMD (n =83) NON-CMD (n=72) | P
Age, years 64.00 (54.50, 70.00) 64.00 (56.00, 70.00) 64.00 (53.75, 70.25) 0.539
Male, n(%) 88 (57.56.77) 47 (56.63) 41 (56.94) 0.968
CAD, n(%) 87 (56.13) 55 (66.27) 32 (44.44) 0.006
Smoking, n(%) 51 (32.90) 27 (32.53) 24 (33.33) 0915
Family, n(%) 13 (8.39) 6 (7.23) 7 (9.72) 0.576
HF, n(%) 45 (29.22) 23 (28.05) 22 (30.56) 0.733
Diabetes, n(%) 57 (36.77) 35 (42.17) 22 (30.56) 0.135
Atrial fibrillation, n(%) | 16 (10.32) 10 (12.05) 6 (8.33) 0.448
LA, mm 38.00 (36.00, 43.00) 40.00 (36.00, 44.75) 38.00 (35.00, 40.00) 0.087
LV, mm 50.00 (47.00, 54.00) 53.00 (48.25, 56.00) 49.00 (47.00, 52.00) 0.005
LVEF, % 61.00 (56.00, 63.00) 60.00 (54.00, 62.00) 61.00 (58.00, 63.00) 0.030
Laboratory findings

hs-Tn, ng/mL 0.01 (0.01, 0.02) 0.01 (0.01, 0.02) 0.0l (0.01, 0.01) 0.273
RBC 4.52 £ 0.50 4.50 £ 0.48 454 £ 0.52 0.611
MAU 12.09 (8.09, 25.18) 15.12 (9.59, 36.34) 9.33 (7.14, 15.20) 0.001
eGFR 89.07 (78.34, 97.75) 88.48 (75.74, 95.68) 92.07 (84.13, 98.76) 0.063
D-dimer 0.22 (0.17, 0.35) 0.23 (0.19, 0.40) 0.20 (0.14, 0.32) 0.004
Creatinine, umol/l 74.00 (61.00, 84.50) 75.00 (61.00, 86.50) 73.50 (61.00, 83.00) 0.433
UA, umol/L 320.00 (266.00, 381.50) | 337.00 (266.50, 386.00) | 295.50 (262.50, 375.25) | 0.303
TC, mmol/L 6.78 + 3431 3.96 + 0.98 10.03 + 50.32 0.273
TG, mmol/L 1.38 (1.17, 1.81) 1.55 (1.32, 1.98) 1.31 (1.07, 1.53) <0.001
LDL, mmol/L 262 £ 093 2.56 + 0.88 2.68 + 0.98 0.403
HDL, mmol/L 1.03 (0.86, 1.22) 0.97 (0.85, 1.15) 1.10 (0.92, 1.29) 0.002
BNP, pg/mL 25.89 (13.27, 90.16) 31.75 (13.18, 131.15) 25.15 (13.59, 80.06) 0.260
HCY, umol/L 11.35 (931, 14.12) 11.29 (9.29, 14.39) 11.46 (9.31, 13.87) 0.874
FBG, mmol/L 5.34 (4.83, 6.27) 5.66 (4.96, 6.88) 5.04 (4.78, 5.59) <0.001
HbAlc, % 6.10 (5.60, 6.77) 6.20 (5.70, 7.10) 5.80 (5.50, 6.30) 0.003
hs-CRP, mg/L 0.86 (0.54, 1.78) 0.96 (0.55, 2.54) 0.78 (0.54, 1.59) 0.568
TyG index 7.14 (6.96, 7.44) 7.24 (7.08, 7.55) 6.98 (6.77,7.19) <0.001
AlP 0.51 £0.20 0.58 + 0.20 043 £0.17 <0.001
Medicine

antiPLT, n(%) 91 (58.71) 59 (71.08) 32 (44.44) <0.001
Statins, n(%) 128 (82.58) 74 (89.16) 54 (75.00) 0.020
ACEI /ARB, n(%) 42 (27.10) 25 (30.12) 17 (23.61) 0.363
ARNI, n(%) 122 (78.71) 61 (73.49) 61 (84.72) 0.089
Beta blocker, n(%) 104 (67.10) 57 (68.67) 47 (65.28) 0.653
CCBs, n(%) 57 (36.77) 34 (40.96) 23 (31.94) 0.245
Anticoagulation, n(%) 17 (10.97) 9 (10.84) 8 (I.11) 0.958
MRAs, n(%) 16 (13.3) 12 (18.2) 4 (7.4) 0.084
OAD:s, n(%) 58 (37.42) 37 (44.58) 21 (29.17) 0.048

Notes: Data are expressed as mean * SD, medians with interquartile ranges or percentage.

Abbreviations: CAD, coronary artery disease; HF, heart failure; LA, left atrium volume; LV, left ventricular volume; LVEF, left ventricle
ejection fraction; RBC, red blood cell count; MAU, microalbuminuria; eGFR, estimated glomerular filtration rate; UA, uric acid; Cr, serum
creatinine; HCY, homocysteine; D, dimer; BNP, brain natriuretic peptide; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; FBG, fasting blood glucose; HbA ¢, glycated hemoglobin; TC, total cholesterol; TG, triglycerides; hs-CRP, high-
sensitivity C-reactive protein; hs-TNT, high-sensitivity troponin T TyG triglyceride-glucose; AIP, atherogenic index of plasma antiPLT; ACEI /
ARB, angiotensin-converting enzyme inhibitor/angiotensin Il receptor blockers; ARNI, Angiotensin Receptor-Neprilysin Inhibitor; CCBs,
Calcium Channel Blockers; MRAs, Mineralocorticoid receptor antagonists; OADs, Oral Antidiabetic Drugs.

Association Between AIP and CMD

Similarly, the AIP was categorized into three tertiles: I (AIP < 0.427), 11 (0.427 < AIP < 0.574), and III (AIP > 0.574).
Following multivariable adjustment, AIP was significantly associated with CMD (P = 0.002; Table 3). When treated as
a continuous variable, AIP showed a robust correlation with CMD (OR = 1.62; 95% CI, 1.19-2.21; P = 0.002).
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Table 2 Association Between the TyG Index and CMD

Variables | Modell Model2 Model3

OR (95% CI) P OR (95% CI) P OR (95% CI) P
TyG 1.28(1.14 ~ 1.44) <0.001 | 1.27(1.13~1.43) <0.001 | 1.25(1.10~1.43) 0.001
| Reference Reference Reference

I 6.32 (2.67 ~ 14.95) | <0.001 | 6.16 (2.58 ~ 14.73) | <0.001 | 7.56 (2.42 ~ 23.60) | <0.001
i 7.80 (3.22 ~ 18.88) | <0.001 | 8.05 (3.29 ~ 19.68) | <0.001 | 591 (.81 ~ 19.27) | 0.003

P-trend 132 (117 ~ 1.49) | <0.001 | 132 (1.17 ~ 1.50) | <0.001 | 1.28 (1.09 ~ 1.50) | 0.002

Notes: Modell: Crude. Model2: Adjust: Sex, Age. Model3: Adjust: Sex, Age, D-dimer, LDL-C, MAU, HDL, LV, LVEF, CAD,
antidiabetic drugs, antilipidemic drugs, antiplatelet drugs.
Abbreviations: OR, Odds Ratio; Cl, Confidence Interval.

Table 3 Association Between the AIP and CMD

Variables | Modell Model2 Model3

OR (95% CI) P OR (95% CI) P OR (95% CI) P
AIP 1.72(1.33 ~ 2.24) <0.001 | 1.70(1.31 ~2.22) <0.001 | 1.62(1.19 ~2.21) 0.002
| Reference Reference Reference

224 (1.01 ~495) | 0.046 | 2.13 (0.96 ~4.75) | 0.064 | 572 (1.78 ~ 18.33) | 0.003
5.85 (248 ~ 13.78) | <0.001 | 5.95 (2.49 ~ 14.24) | <0.001 | 6.00 (1.59 ~ 22.66) | 0.008

P-trend 159 (127 ~ 1.99) | <0.001 | 159 (1.27 ~2.00) | <0.001 | 1.68 (I.19 ~2.37) | 0.003

Notes: Modell: unadjusted. Model2: Adjusted: Sex, Age. Model3: Adjusted: Sex, Age, D-dimer, LDL-C, HbAIc, MAU, LV, LVEF,
CAD, antidiabetic drugs, antilipidemic drugs, antiplatelet drugs.
Abbreviations: OR, Odds Ratio; Cl, Confidence Interval.

Moreover, in the categorical analysis, individuals in the highest tertile (IIT) were found to have a 1.68-fold higher risk of
CMD than those in the lowest tertile (I) (95% CI, 1.19-2.37; P = 0.003).

Predictive Value of TyG Index and AIP for Coronary Microvascular Dysfunction

The RCS curve analysis demonstrated a nonlinear positive correlation between AIP and CMD (nonlinear P = 0.019;
Figure 2A), as well as between TyG and CMD (nonlinear P = 0.005; Figure 2B). The predictive performance of the TyG
index and AIP for CMD was further evaluated using ROC curve analysis (Figure 3). The area under the curve (AUC) for
TyG, AIP, and their combined use in predicting CMD were 0.744, 0.707, and 0.748, respectively (P<0.001 for all;

P for overall = 0.00S A : P for overall = 0.019 B
P for nonlincar = 0,642 P for nonlincar = 0.451

Odds ratio (95% Cl)
&

%)

0.5

00" 0
6.0 6.5 7.0 75 8.0 0.2 03 04 0.5 0.6 0.7 0.8

TG AlIP

Figure 2 Restricted cubic spline curves for the association of TyG index (A) andAlIP (B) with the risk of CMD in the adjusted model. Adjusted for Sex, Age, D-dimer, LDL-
C, HbAlc, MAU, LV, LVEF, CAD, antidiabetic drugs, antilipidemic drugs, antiplatelet drugs.
Abbreviations: TyG triglyceride-glucose, AIP atherogenic index of plasma.
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Figure 3 ROC curve for TyG index, AIP and their combination in predicting CMD. Optimal cut-off: TyG Index: 7.012; AIP: 0.5175. AUC TyG index: 0.744 (0.666-0.821),
AUC AIP: 0.707 (0.625-0.788); AUC combine: 0.748 (0.670-0.826).

Abbreviations: ROC receiver operating characteristic, AUC an area under the curve, TyG triglyceride-glucose, AIP atherogenic index of plasma.

Table 4). The optimal cutoff values for the TyG index and AIP were 7.012 (Youden index = 0.482, sensitivity = 0.843,
specificity = 0.639) and 0.5175 (Youden index = 0.371, sensitivity = 0.663, specificity = 0.708), respectively. The
combined use of TyG and AIP for predicting CMD yielded a sensitivity of 0.831 and specificity of 0.667. Incorporating
both the TyG index and AIP into clinical decision-making processes significantly enhanced net patient benefit (Figure 4).

Table 4 ROC Curve for TyG Index, AIP and Their Combination in Predicting CMD

AUC | Optimal cut-off value | Sensitivity % | Specificity % 95% CI P value
TyG 0.744 7.012 84.30 63.90 0.666-0.821 | <0.00I
AIP 0.707 0.5175 66.30 66.70 0.625-0.788 | <0.001
TyG+AIP | 0.748 83.10 66.70 0.670-0.826 | <0.00I

Abbreviations: TyG, index triglyceride-glucose, AIP, atherogenic index of plasma; ROC, receiver operating characteristic; AUC,

an area under the cure; Cl, confidential intervals.
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Figure 4 DCA curve for the combined prediction of CMD by the TyG index and AIPDCA Decision Curve Analysis. Adjusted for Sex, Age, D-dimer, LDL-C, HbAlc, MAU,
LV, LVEF, CAD, antidiabetic drugs, antilipidemic drugs, antiplatelet drugs.

Discussion

This study represents the first investigation specifically focusing on the hypertensive population, examining the associa-
tion between the Atherogenic Index of Plasma (AIP) and Coronary Microvascular Dysfunction (CMD). Additionally, it is
the first comprehensive investigation to explore the concurrent roles of both AIP and the Triglyceride-Glucose (TyG)
index in relation to CMD. The key findings of this study include:

1. CMD patients exhibited significantly higher AIP and TyG indices compared to those without CMD within
the hypertensive cohort.

2. Both AIP and TyG indices were identified as independent risk factors for CMD in hypertensive patients,
even after adjusting for multiple confounding variables.

3. AIP and TyG indices emerged as promising biomarkers for CMD prediction, with AIP demonstrating
superior specificity and TyG exhibiting enhanced sensitivity.

CMD represents a group of disorders affecting the structure and function of the coronary microcirculation, commonly
observed in patients with cardiovascular risk factors, and is associated with an increased risk of adverse cardiovascular
events. In recent years, CMD has garnered increasing attention due to its significant deleterious effects on both short- and
long-term cardiovascular health. Rajai et al highlighted that CMD is strongly linked to the development of cancer in
patients with non-obstructive coronary artery disease.’' Additionally, several studies have demonstrated that patients with
CMD are more likely to experience cognitive impairments.>> These observations underscore the broader systemic
implications of CMD beyond traditional cardiovascular outcomes.

Hypertension and CMD

Hypertension is a well-established risk factor for CMD and one of its primary etiological causes. Chronic hypertension
induces a systemic pro-inflammatory state that contributes to endothelial dysfunction, particularly within the coronary
microcirculation.”> Many hypertensive patients may exhibit underlying microvascular dysfunction, which underscores
the importance of investigating CMD specifically within this population. The pathophysiology of CMD is multifactorial
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and involves a combination of structural and functional alterations in the coronary microvascular bed. These alterations
may include microvascular spasm, endothelial dysfunction, excessive sympathetic nervous activity, and hormonal or
psychological influences.>*> Dyslipidemia, insulin resistance, and lipotoxicity are considered critical pathophysiological
drivers, all of which contribute to increased oxidative stress, the release of pro-inflammatory mediators, and further
disruption of microvascular function.?

Our study specifically focused on analyzing the relationship between lipid and glucose metabolism and CMD in
hypertensive individuals, providing novel insights into the mechanisms linking these metabolic disturbances with
microvascular dysfunction.

Dyslipidemia and CMD

Dyslipidemia remains a cornerstone cardiovascular risk factor and a primary driver of atherosclerosis. Due to the
complex interactions of lipoprotein metabolism, the Atherogenic Index of Plasma (AIP)—which integrates triglycerides
(TG) and high-density lipoprotein cholesterol (HDL-C)—has emerged as a valuable marker for assessing atherosclerotic
risk. Although AIP is widely utilized for cardiovascular disease screening and risk stratification, studies linking it to
CMD specifically have been limited. Dyslipidemia is known to contribute to the development of CMD,> and recent
investigations have suggested a link between AIP and myocardial metabolic disorders.*® One study identified an
association between dyslipidemia and slow coronary flow, a clinical manifestation indicative of microvascular
abnormalities.'?

Our study is the first to establish AIP as a significant independent risk factor for CMD in hypertensive individuals.
After adjusting for confounding variables, AIP remained a robust predictor of CMD. These findings underscore the
clinical importance of addressing dyslipidemia in hypertensive patients as part of a strategy to prevent or mitigate CMD.
Interestingly, while AIP demonstrated higher specificity, it had lower sensitivity compared to the TyG index. Although
the direct causal relationship between AIP and CMD remains unclear, these findings suggest that further investigation is
warranted to explore the underlying mechanisms.

Insulin Resistance and CMD
Insulin resistance (IR) is a key feature of metabolic dysfunction and a well-established risk factor for cardiovascular
diseases, including CMD."®'*>7 IR can impair endothelial nitric oxide synthase (eNOS) activity, reducing the protective
effects of nitric oxide (NO) and contributing to microvascular dysfunction.*® Furthermore, hyperinsulinemia, a hallmark
of IR, elevates free fatty acids, reactive oxygen species (ROS), and disrupts lipid metabolism, thereby increasing
oxidative stress and promoting the release of pro-inflammatory cytokines, all of which exacerbate CMD development.'®
Although previous studies have linked IR to CMD, the clinical detection of IR remains challenging due to the cost,
complexity, and biases associated with standard diagnostic methods. The TyG index, which combines fasting blood
glucose (FBG) and fasting triglycerides (TG), has emerged as a reliable and convenient surrogate marker for IR.>*%?
High TyG index levels are associated with a range of cardiovascular conditions, including symptomatic coronary artery
disease, arterial stiffness, and coronary artery calcification. Moreover, the TyG index has been linked to various
microvascular diseases, including kidney dysfunction, microalbuminuria, and slow coronary flow.?*>°*' Our study
found that CMD patients had significantly higher TyG indices than non-CMD patients in the hypertensive population,
and the TyG index was independently associated with CMD. These results support the hypothesis that IR may indirectly
contribute to the development of CMD, suggesting that targeting IR could offer a therapeutic strategy to prevent CMD in
hypertensive individuals. However, the direct causal relationship between the TyG index and CMD remains unclear and
warrants further research.

Comparison Between AIP and TyG Index

Although several studies have explored the link between the TyG index and CMD in patients with chronic coronary
syndrome, '® to our knowledge, this is the first study to compare the roles of both the Atherogenic Index of Plasma (AIP)
and the TyG index in relation to CMD. Our findings indicate that both AIP and TyG indices exhibit comparable
predictive performance for CMD, with the TyG index showing superior sensitivity and the AIP demonstrating enhanced
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specificity. In clinical practice, the integration of both indices may offer complementary advantages, with each index
contributing unique strengths in detecting CMD.

Given the findings from this study, both TyG and AIP indices emerge as promising biomarkers for identifying
individuals at high risk for CMD. Their combination may improve the accuracy of risk stratification and facilitate more

targeted therapeutic interventions or preventative measures for hypertensive patients.

Study Limitations

This study is subject to several limitations. First, the retrospective nature and single-center design, combined with
a relatively small sample size, limit the ability to establish a definitive causal relationship between the elevated TyG
index and the occurrence of CMD. Larger-scale, multicenter, prospective studies are needed to validate these findings.
Second, while SPECT is a widely used and relatively quantitative imaging technique, the interpretation of results is
inherently subjective and may introduce variability. Third, the potential impact of prolonged use of antihypertensive,
antidiabetic, and lipid-lowering medications on lipid and glucose measurements, as well as on the incidence of CMD,
could introduce bias. Fourth, the absence of body mass index (BMI) data represents a notable limitation, as BMI is
a known confounding factor in both metabolic disorders and CMD. Finally, given that this study was conducted within
a Chinese population, there may be selection bias, and the findings may not be directly generalizable to other ethnic
groups. Future research should aim to address these limitations to improve the robustness and generalizability of the

results.

Conclusion

This study provides novel evidence that elevated AIP and TyG indices are significantly associated with the risk of
coronary microvascular disease (CMD) in hypertensive patients, with both biomarkers showing critical clinical value for
early prevention and risk stratification of CMD. AIP exhibits higher specificity, while TyG shows superior sensitivity.
The integration of both biomarkers in clinical decision-making can enhance patient management by providing more
personalized interventions for CMD. Given that hypertension is a major risk factor for CMD, it is recommended to
include TyG and AIP in routine assessment tools to help identify high-risk patients early and implement interventions.
Furthermore, for hypertensive patients with CMD, comprehensive treatment, including blood pressure control and the
management of lipid and glucose metabolism disorders, should be considered to slow CMD progression. Future multi-
center, large-scale prospective studies are needed to further validate the effectiveness of TyG and AIP, explore their
underlying mechanisms, and assess their potential applications in different populations.
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