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Background: Previous studies have shown that the hemoglobin glycation

index (HGI) can be used as a predictor of diabetic complications. However,

limited information is currently available to indicate the correlation between

HGI and comorbidity of coronary heart disease (CHD) and diabetes. This

study aimed to evaluate the potential of HGI to predict major adverse

cardiovascular events (MACEs) in CHD patients with type 2 diabetes mellitus

(T2DM) undergoing percutaneous coronary intervention (PCI).

Materials andmethods: A total of 918 CHD patients with T2DM were enrolled

in a 3-year retrospective cohort study, from December 2017 to December

2020 at the First Affiliated Hospital of Zhengzhou University. Data including

fasting blood glucose (FPG/FBG) and glycated hemoglobin A1c (HbA1c) were

collected. HGI was calculated as actual measured HbA1c minus predicted

HbA1c. Three groups were further divided based on the levels of HGI,

including low, medium, and high levels.

Result: Kaplan Meier analysis indicated that elevated HGI was strongly

associated with the occurence of MACE (log-rank P < 0.001). Multivariate Cox

regression analysis revealed that elevated HGI was an independent risk factor
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for incident MACE in CHD patients with T2DM [adjusted hazard ratio (HR):

1.473; 95% confidence interval (CI): 1.365-1.589, P < 0.001].

Conclusions: Hemoglobin glycation index is an independent predictor of

MACE events in CHD patients with T2DM. High HGI indicates a higher risk

of MACE occurrence.

KEYWORDS

coronary heart disease, type 2 diabetes, hemoglobin glycation index, glycated
hemoglobin, major adverse cardiovascular events

Introduction

Despite the recent COVID-19 pandemic, cardiovascular
disease (CVD) remains the leading cause of morbidity and
mortality worldwide (1). Coronary heart disease (CHD),
also known as ischemic heart disease, is a common CVD
caused by coronary artery atherosclerosis, vasospasm-stenosis,
or complete occlusion, impeding normal myocardial blood
supply (1). The pathophysiological mechanisms of CHD mainly
include lipid metabolism disorders, microvascular dysfunction,
endothelial dysfunction, inflammation and immune response,
oxidative stress, etc. Some factors such as obesity, smoking
and alcohol consumption significantly contribute to the
development of CHD (2, 3). In addition, other risk factors,
including hypertension, hyperlipidemia, hypercholesterolemia,
diabetes mellitus, also lead to CHD (4, 5). It is important to
note that type 2 diabetes is a major risk factor. Hyperglycemia in
patients with type 2 diabetes often promotes oxidative stress and
inflammatory damage, which directly leads to atherosclerosis,
coronary insufficiency, myocardial infarction, and cell damage,
resulting in the development of CHD (6). Unsurprisingly, most
diabetic patients also have CHD, with poor prognosis (7). With
the changes in living conditions and diet structure, it is expected
an increasing number of type 2 diabetes and CHD patients (8).
According to the “2019 ESC Guidelines” and “2020 ASCVD
Chinese Consensus,” CHD patients with diabetes have been
clearly defined as very high-risk ASCVD patients, which is
significantly different from CHD or diabetes alone. Therefore,
CHD combined with diabetes can be studied as an independent
population (9).

As previous evidence indicates the benefits of glycemic
control for CVD, glycemic control has been assessed in current
clinical management for CHD patients, using fasting plasma
glucose (FPG) and glycated hemoglobin (HbA1c) levels (10).
However, in some individuals, HbA1c does not match blood
sugar levels and may be higher or lower than expected relative
blood sugar levels (11). This inconsistent, between HbA1c levels
and underlying glucose levels may limit the accuracy of HbA1c
measurements in guiding treatment regimens. Non-glucose-
related factors may affect the relationship between HbA1c
levels and glucose levels. Although elevated glucose could be

considered as a risk factor for CHD patients, it has limited
predictive value for cardiovascular outcomes (12). HbA1c levels
could reflect changes in blood glucose in patients over the
past 8–12 weeks, and studies have shown that HbA1c levels
are highly associated with the risk of CVD (13). However,
with better understanding of HbA1c, researchers realized that
HbA1c levels can be affected by multiple factors, such as blood
sugar concentration, genetics and red blood cell life cycle,
leading to inconsistency (10, 14). Therefore, HbA1c levels as a
prognosis biomarker to assess is inaccurate for all populations.
To improve the accuracy, the hemoglobin glycation index (HGI)
was proposed by Hempe et al. (15) to quantify the change
between measurements of HbA1c and mean plasma glucose
level, a method that reflects the difference between actual HbA1c
and predicted HbA1c based on FPG. Differences in the glycation
of hemoglobin between individuals with the same FPG values
can be assessed by the calculation of HGI. HGI is a measure
of the difference between an observed HbA1c value and a
predicted value based on blood glucose levels (16). Currently,
some studies have shown that HGI has a predictive value
for CVD in both type 2 diabetes mellitus (T2DM) and non-
T2DM patients (17). However, no studies have evaluated the
capacity of HGI to predict cardiovascular event risk in patients
with CHD complicated with diabetes undergoing percutaneous
coronary intervention (PCI) (18). Therefore, in this study, we
aimed to evaluate the value of HGI in predicting major adverse
cardiovascular events (MACE) in CHD complicated with T2DM
patients undergoing PCI.

Materials and methods

Study design and population

This retrospective cohort study enrolled 1,050 patients
with CHD complicated with T2DM who underwent PCI in
the Department of Cardiology of the First Affiliated Hospital
of Zhengzhou University, from December 2017 to December
2020. PCI operation and medication were performed in
accordance with relevant guidelines (19). All patients were
given aspirin and clopidogrel or ticagrelor preoperatively. The
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FIGURE 1

The follow chart of participants inclusion.

use of FFR, IVUS, OCT, and stent type is at the discretion
of the clinician.

The inclusion criteria were as following: (1) patients
were older than 18 years; (2) The patients met the diagnostic
criteria of type 2 diabetes in the Chinese Guidelines for the
Prevention and Treatment of Type 2 diabetes (2019 Edition)
(20), in which T2DM was defined as FPG ≥ 7.0 mmol/L or
2 h plasma glucose oral glucose tolerance test ≥ 11.1 mmol/L
or Typical symptoms of diabetes (eating, drinking, urinating,
weight loss) and random plasma glucose ≥ 11.1 mmol/L;
(3) At least one clinical phenotype of CHD, including non-
ST segment elevation myocardial infarction (NSTEMI),
ST segment elevation myocardial infarction (STEMI),
unstable angina, and stable angina; (4)patients who were
undergoing coronary angiography and according evidence
of ischemia or hemodynamic related lesions received
at least one stent implanted or balloon dilatation via
PCI; (5) Complete clinical data with ongoing follow-up;
and (6)Standardize medication according to the “Expert

Consensus on the Application of Oral Hypoglycemic
Drugs for Cardiovascular Disease Complicated with
Diabetes.”

Exclusion criteria included: (1) Patients with comorbid
malignancies or hematologic diseases; (2) Patients taking
medications such as glucocorticoids and acetylsalicylic acid,
which may affect HbA1c test results; (3) Congenital heart
disease; and (4) Patients with incomplete clinical records.

A total of 1,050 patients diagnosed with CHD combined
with T2DM who underwent PCI were initially enrolled.
However, 132 patients were lost contact due to the change in
contact details during the follow-up period. As a result, data
from 918 patients were analyzed. The study complied with the
Declaration of Helsinki, and the protocol was approved by the
ethics committee of the First Affiliated Hospital of Zhengzhou
University. The detail of the design is registered on http://www.
chictr.org.cn (identifier: ChiCTR-2200055450). Follow-up data
were obtained by review of the medical records and/or telephone
interview. The follow-up chart was illustrated in Figure 1.
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FIGURE 2

Correlation between HbA1c and FPG.

Clinical data collection

Data on clinical and demographic characteristics, including
gender, age, drinking history, smoking history, Duration of
diabets (years), medication history, and GRACE risk score,
were collected from medical records. Fasting blood samples
were drawn from each patient within 24 h after admission.
Tosoh Automated Glycohemoglobin Analyzer (HLC-723G8,
Tokyo, Japan) was used to measure the HbA1c levels. Stago
autoanalyzer with the STA fibrinogen kit (Diagnostica Stago,
Taverny, France) was used to measure the concentrations of
plasma fibrinogen. The concentrations of fast blood glucose
(FBG/FPG) were measured by the enzymatic hexokinase
method. Other laboratory indices, including lipid profiles
[total cholesterol (TC), triglyceride (TG), levelslow-density
lipoprotein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C)], estimated glomerular filtration rate
(eGFR), creatinine, urea, D-Dimer were examined with
standard biochemical techniques at the core laboratory in the
First Affiliated Hospital of Zhengzhou University. According
to modified Simpson’s rule, left ventricular ejection fraction
(LVEF) was measured from two-dimensional echocardiography.

Laboratory indicators were included: FPG/FBG, HbA1c,
Urea, D-Dimer, Fibrinogen, TC, LDL-C, HDL-C and TG levels,
complete blood count, white blood cell (WBC) subset count,
NT-pro BNP, and LVEF are also included.

Follow up

All patients were followed up for a mean of 26 months after
PCI via telephone, and outpatient clinic visits. The endpoint
of this study was the occurrence of MACE. As a collective
term, MACE included cardiovascular death, recurrent angina,
acute myocardial infarction, target vessel reconstruction, severe
arrhythmia, acute heart failure and stroke.

Hemoglobin glycation index
calculation

Hemoglobin glycation index was calculated by subtracting
the predicted HbA1c from the observed HbA1c. The predicted
HbA1c value was calculated by linear regression analysis with
the FPG concentrations derived from study subjects. The linear
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FIGURE 3

Receiver operating curve (ROC) for the analysis of HGI as the
predictor of MACE in the study population. AUC indicates area
under curve.

relationship between HbA1c and FPG was estimated from the
linear regression analysis of the subjects’ data. The scatter plot
is obtained through the linear relationship between FPG and
HbA1c (Figure 2). According to the results of the scatter plot,
we removed 35 extreme outliers, and finally obtained the linear
regression equation: predicted HbA1c = 0.481 × FPG + 4.292,
R2 = 0.514, HGI = measured HbA1c–predicted HbA1c.

Statistical analysis

All analyses were performed using SPSS 26.0 for
windows statistical software (SPSS Inc., Chicago, IL, USA).
Data were expressed as mean ± standard deviation (SD)
or median ± interquartile range (IQR) for continuous
variables, or percentages for categorical variables. Differences
between normally distributed numerical variables between
groups were analyzed by T-test, whereas non-normally
distributed variables were analyzed by Mann–Whitney U-test.
Comparison between the three groups was performed by
one-way ANOVA. Categorical variables were summarized
as percentages and compared using the chi-square (χ2)
test. Correlation between HbA1c and FPG using Pearson’s
linear equation. Multivariate Cox proportional hazards
models were used to determine independent parameters of
MACE. To construct the Cox model, univariate models for
each of all predictor variables were conducted, and those
variables that were significant (P < 0.05) in the univariate

Cox model were then simultaneously entered into the
multivariate Cox model. Hazard ratios (HRs) and 95%
confidence intervals (CIs) were calculated. Cumulative survival
curves for MACE were constructed using the Kaplan Meier
method. P < 0.05 was considered as significant. Receiver
operating characteristic (ROC) curve was performed to
discuss the diagnostic value of risk factors for the prediction
of poor prognosis. We use R language meter for model
validation. The old model is GRACE risk score, and the
new model is GRACE risk score combined with HGI. The
cox regression model was constructed with the survival
package and the net reclassification improvement/net
reclassification index (NRI) values were calculated with
the nricens package (21).

Results

Comparison of the clinical and
laboratory characteristics according to
the hemoglobin glycation index

A total of 918 patients with CHD complicated with
T2DM were included in this study. The median follow-up
time was 26 months. The follow-up chart was illustrated
in Figure 1. Pearson’s linear correlation analysis showed a
linear regression correlation between HbA1c and FPG levels
in the 918 patients included in this study (R2 = 0.514,
P < 0.001). Through linear regression analysis, the regression
equation for predicting HbA1c was calculated as predicting
HbA1c = 0.481 × FPG + 4.292 (Figure 2). The study
subjects were divided into 3 groups (27, 46, and 27%) based
on HGI values: Low HGI (n = 219), with HGI ≤ −0.83;
medium HGI (n = 422), −0.83 <HGI <0.91; and high
HGI (n = 247), with HGI ≥ 0.91. According to receiver
operating curve (ROC) analysis and Youden’s index, HGI
level could predict MACE with a sensitivity of 56.6% and
a specificity of 79.7% (cutoff value = 0.64, AUC = 0.709,
P < 0.001) (Figure 3). In addition, high HGI patients had
higher levels of Neut, Lymph, HbA1c, FPG, Diabetes Duration
years, Fibrinogen, D-Dimer, and NT-pro BNP (P < 0.05),
while LVEF (%) were decreased (P < 0.05), as shown
in Table 1. A total of 267 cases accompanied with the
occurrence of MACEs at an incidence rate of 29.08%. Therefore,
patients were further divided into MACE (n = 267) and
MACE-free (n = 651) groups. Clinical, echocardiographic,
and laboratory data of the study population were shown
in Table 2. Interestingly, factors such as the duration of
diabetes, WBC, Nneut, TG, HbA1c, FPG, Fibrinogen, NT-
Pro BNP, D-Dimer, Urea, GRACE risk score, and HGI
ratios were higher in the MACE group than in the MACE-
free group. On the contrary, the LVEF% ratio of the
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TABLE 1 Clinical and laboratory characteristics according to the HGI index.

Characteristics Q1: Low HGI index
(Group n = 249)
HGI ≤ −0.83

Q2: MediumHGI
index (Group n = 422)
−0.83 < HGI < 0.91

Q3: High HGI index
(Group n = 247)
HGI ≥ 0.91

P

Age (years) 60.29 ± 10.47 59.91 ± 9.66 59.69 ± 11.11 0.809

Gender

Male, n (%) 167 (67.1) 261 (61.8) 168(68.0) 0.193

Duration of diabetes (years) 6 (2–10) 6 (2–10) 7 (4–10) 0.019

Laboratory parameters

WBC, 109/L 7.67 ± 6.87 7.37 ± 3.89 7.94 ± 2.49 0.300

Neut, 109/L 5.15 ± 2.59 4.82 ± 2.28 5.74 ± 2.66 <0.001

Lymph, 109/L 1.81 ± 0.54 1.95 ± 0.62 1.87 ± 0.57 0.015

TC (mmol/L) 3.85 ± 1.37 3.65 ± 1.18 3.74 ± 1.04 0.133

TG (mmol/L) 1.67 ± 0.85 1.71 ± 1.07 1.78 ± 0.99 0.487

HDL-C (mmol/L) 1.02 ± 0.26 1.00 ± 0.24 0.98 ± 0.23 0.278

LDL-C (mmol/L) 2.17 ± 0.86 2.09 ± 0.90 2.20 ± 0.88 0.192

HbA1c (%) 7.12 ± 1.21 7.92 ± 1.35 10.98 ± 2.79 <0.001

FPG (mmol/L) 7.67 ± 2.68 9.42 ± 3.49 9.76 ± 4.46 <0.001

Urea (mmol/L) 5.60 (4.80–6.80) 5.72 (4.79–6.80) 5.74 (4.90–7.52) 0.363

Fibrinogen (g/L) 3.21 ± 0.79 3.09 ± 0.76 3.37 ± 0.95 <0.001

D-Dimer (mg/L) 0.09 (0.06–0.19) 0.09 (0.06–0.19) 0.13 (0.07–0.26) 0.002

LVEF (%) 60.33 ± 6.97 60.25 ± 6.02 58.37 ± 7.40 0.001

NT-pro BNP (pmol/L) 193.90 (78.32–689.00) 226.50 (83.82–728.95) 448.5 (114.67–1688.25) <0.001

Daily smoke (%) 96 (38.5) 168 (75.7) 111 (44.9) 0.295

Daily drinken (%) 95 (38.2) 155 (36.7) 99 (40.1) 0.689

Aspirin (%) 238 (95.6) 401 (95.0) 234 (94.7) 0.905

Statins (%) 241 (96.8) 406 (96.2) 240 (97.2) 0.792

Beta blocker (%) 199 (79.9) 316 (74.9) 193 (78.1) 0.294

CCB (%) 85 (34.1) 126 (29.9) 77 (31.2) 0.512

Insulin (%) 64 (25.7) 86 (20.4) 64 (25.9) 0.153

Metformin (%) 128 (53.3) 211 (51.0) 122 (49.8) 0.727

WBC, white blood cell; Neut, neutrophils; Lymph, lymphocyte; TC, total cholesterol; TG, triglyceride; HDL-C, high density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; HbA1c, glycosylated hemoglobin; FPG, fasting blood glucose; LVEF, left ventricular ejection fraction; CCB, calcium channel blocker.

MACE group was lower than that of the MACE-free
group (Table 2).

Univariate vs. multivariate cox
regression analysis for the occurence
of major adverse cardiovascular event

To identify independent predictors of MACE, we performed
cox proportional hazards analysis to construct model 1 and
model 2, which predict the risk factors of MACE for CHD
patients with T2DM after PCI (Table 3).

Univariate analysis showed that Duration of diabets (years)
(HR: 1.030; 95% CI: 1.012–1.049, P = 0.001), D-Dimer (HR:
1.037; 95% CI: 1.005–1.070, P = 0.022), Neut (HR: 1.105; 95%
CI: 1.062–1.149, P < 0.001), NT-pro BNP (HR: 1.000; 95%
CI: 1.000–1.000, P < 0.001), Fibrinogen (HR: 1.307; 95% CI:
1.150–1.486, P < 0.001), LVEF (HR: 1.006; 95% CI: 1.003–1.009,

P < 0.001), FPG (HR: 1.121; 95% CI: 1.094–1.149, P < 0.001),
HbA1c (HR: 1.251; 95% CI: 1.206–1.298, P < 0.001), HGI (HR:
1.531; 95% CI: 1.422–1.648, P < 0.001), and GRACE risk score
(HR: 1.010; 95% CI: 1.005–1.014, P < 0.001) were independent
risk factors for MACE.

Collinearity analysis revealed that FPG and HbA1c had
collinearity (VIF ≥ 5), and the rest collinearity analysis revealed
no collinearity. After adjusting the covariates of Model 1, NT-
pro BNP (HR: 1.000; 95% CI: 1.000–1.000, P = 0.015), LVEF
(HR: 0.976; 95% CI: 0.959–0.993, P = 0.005), FPG (HR: 0.933;
95% CI: 0.888–0.981, P = 0.007), and HbA1c (HR: 1.406;
95% CI: 1.311–1.510, P < 0.001) were significant independent
predictors of MACE.

Multivariate Cox analysis of Model 2 showed that Duration
of diabets (years) (HR: 1.022; 95% CI: 1.003–1.042, P = 0.025),
Neut (HR: 1.068; 95% CI: 1.021–1.117; P = 0.004), NT-pro BNP
(HR: 1.000; 95% CI: 1.000–1.000, P = 0.002), LVEF (HR: 0.973;
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TABLE 2 Clinical and laboratory characteristics according to the MACE.

Characteristics MACE group
(n = 267)

MACE-free group
(n = 651)

P

Age (years) 60.29 ± 10.71 59.83 ± 10.10 0.53

Gender

Male, n (%) 181 (67.8) 415 (63.7) 0.244

Duration of diabetes (years) 8 (3–10) 5 (2–10) 0.001

Laboratory parameters

WBC, 109/L 8.43 ± 4.76 7.27 ± 4.54 0.001

Neut, 109/L 6.00 ± 2.87 4.81 ± 2.24 <0.001

Lymph, 109/L 1.89 ± 0.59 1.89 ± 0.56 0.889

TC (mmol/L) 3.76 ± 1.18 3.70 ± 1.22 0.492

TG (mmol/L) 1.84 ± 1.04 1.67 ± 0.97 0.022

HDL-C (mmol/L) 1.01 ± 0.25 0.10 ± 0.24 0.454

HbA1c (%) 10.26 ± 3.16 7.81 ± 1.46 <0.001

FPG (mmol/L) 10.38 ± 4.32 8.01 ± 2.99 <0.001

Urea (mmol/L) 6.00 (4.90–7.26) 5.63 (4.79–6.83) 0.034

Fibrinogen (g/L) 3.38 ± 0.95 3.12 ± 0.77 <0.001

NT-pro BNP (pmol/L) 528.00 (163.00–1805.00) 190.30 (73.00–645.00) <0.001

LVEF (%) 57.84 ± 7.74 60.56 ± 6.09 <0.001

D-Dimer (mg/L) 0.12 (0.07–0.27) 0.09 (0.05–0.19) <0.001

Daily smoke (%) 108 (40.4) 267 (41.0) 0.874

Daily drinken (%) 98 (36.7) 251 (38.6) 0.600

HGI 0.94 (−0.42 to 2.16) −0.28 (−1.06 to 0.44) <0.001

GRACE risk score 126.03 ± 25.593 118.98 ± 23.961 <0.001

WBC, white blood cell; Neut, neutrophils; Lymph, lymphocyte; TC, total cholesterol; TG, triglyceride; HDL-C, high density lipoprotein cholesterol; HbA1c, glycosylated hemoglobin;
FPG, fasting blood glucose; LVEF, left ventricular ejection fractions; HGI, hemoglobin glycation index.

95% CI: 0.956–0.989, P = 0.001), and HGI (HR: 1.473; 95% CI:
1.365–1.589, P < 0.001) were independent predictors of MACE.

Receiver operating characteristic curve
and risk of incident major adverse
cardiovascular event according to
hemoglobin glycation index

According to receiver operating curve (ROC) analysis and
Youden’s index, HGI level could predict MACE with a sensitivity
of 56.6% and a specificity of 79.7% (AUC = 0.709, 95% CI:
0.616–0.747, P < 0.001), cut off value is 0.643, and Youden
Index is 0.363 (Figure 3). The long-term survival of patients
was analyzed by Kaplan–Meier survival analysis. There were
significant differences in 3-year MACE among the three groups,
as shown in Figure 4. Survival of patients declines as HGI levels
rise. The incidence of MACE was higher in the high HGI group
(log rank, P < 0.001). The GRACE score established by the
Global Registry of Acute Coronary Events (GRACE) study is
an important tool commonly used in clinical practice to assess
the risk of hospitalized events in patients with ACS. We use R
language meter for model validation. Comparing the old and
new models according to the formula results in an NRI value

of 26.3%. All values >0, indicating that the diagnostic accuracy
of the joint model is improved.

Discussion

This study investigated the correlation between HGI and
MACEs by analyzing 918 patients with CHD combined with
T2DM undergoing PCI. Our study found that HGI was an
independent predictor of MACE. More importantly, high HGI
group had a higher risk to have MACE events with a significantly
reduced survival rate.

Blood glucose levels in patients with type 2 diabetes
can significantly affect the occurrence and prognosis of
cardiovascular complications (12, 22). At present, the clinical
indicator used to monitor the blood sugar level of patients
is HbA1c, which can reflect the blood sugar level of patients
in the past 8–12 weeks (13). However, recent studies have
shown that HbA1c is not only related to blood sugar levels
but also to diseases such as hemoglobinopathies, uremia,
and hemochromatosis. Due to biological differences between
individuals, fasting blood glucose is not an independent factor
affecting HbA1c (10, 23, 24). Studies have found that the level of
HbA1c in some patients is inconsistent with the level of blood
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TABLE 3 Univariate and multivariate cox regression analysis results for MACE.

Variables Univariate analysis Multivariate analysis

Crude HR Crude Model 1 Model 2

(95% CI) P-value Adjusted HR Adjusted Adjusted HR Adjusted

(95% CI) P-value (95% CI) P-value

Duration of diabets 1.030 (1.012–1.049) 0.001 1.019 (1.000–1.039) 0.051 1.022 (1.003–1.042) 0.025

D-Dimer (mg/L) 1.037 (1.005–1.070) 0.022 0.981 (0.945–1.019) 0.321 1.018 (0.981–1.055) 0.349

Neut, 109/L 1.105 (1.062–1.149) <0.001 1.027 (0.983–1.078) 0.219 1.068 (1.021–1.117) 0.004

NT-pro BNP (pmol/L) 1.000 (1.000–1.000) <0.001 1.000 (1.000–1.000) 0.015 1.000 (1.000–1.000) 0.002

Fibrinogen (g/L) 1.307 (1.150–1.486) <0.001 1.125 (0.992–1.276) 0.066 1.129 (0.992–1.285) 0.067

LVEF (%) 1.006 (1.003–1.009) <0.001 0.976 (0.959–0.993) 0.005 0.973 (0.956–0.989) 0.001

FPG (mmol/L) 1.121 (1.094–1.149) <0.001 0.933 (0.888–0.981) 0.007

HbA1c (%) 1.251 (1.206–1.298) <0.001 1.406 (1.313–1.510) <0.001

HGI 1.531 (1.422–1.648) <0.001 1.473 (1.365–1.589) <0.001

GRACE risk score 1.010 (1.005–1.014) <0.001 0.999 (0.994–1.004) 0.69 1.000 (0.996–1.005) 0.896

Neut, neutrophils; HbA1c, glycosylated hemoglobin; FPG, fasting blood glucose; LVEF, left ventricular ejection fractions; HGI, hemoglobin glycation index.

FIGURE 4

Kaplan-Meier estimates of the time to the first adjudicated occurrence of MACE.

sugar control, impacting the clinical prognosis evaluation based
on this indicator (14, 25).

To address the issue, Hempe (15) and his group proposed
the concept of HGI in 2002 to quantify differences in HbA1c
among individuals. HGI was proposed to measure the deviation

of glycated HbA1c from its expected value. A high HGI indicate
an elevated level of hemoglobin glycation. As a newly proposed
indicator to measure the degree of HbA1c control in recent
years, HGI has been carried out in many studies and confirmed
that HGI is independently related to the microvascular and
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macrovascular complications of diabetes (26). In addition,
based on data from the prestigious American Cardiovascular
Risk in Diabetes Study (ACCORD), Hempe et al. (27) found
that the high HGI group had a higher rate of cardiovascular
complications. Similarly, Van Steen et al. (28) found that
adverse cardiovascular and cerebrovascular events and all-cause
mortality were significantly lower in the low HGI group, and
increasing HGI levels indicated high risk of cardiovascular and
cerebrovascular mortality, according to RRAR agonist outcome
data from a large study (Alecardio). In addition, Kim et al. (29)
found that high HGI levels increase the risk of cardiovascular
events by following a 10-year follow-up of patients with T2DM.
Cheng et al. (12) found that compared with the low HGI group,
T2DM patients in the high HGI group had a 2.9-fold increased
risk of CHD. Other studies have shown that the higher the
proportion of insulin use in diabetic patients, the longer the
course of the disease, the longer the blood vessels are affected by
hyperglycemia, the more serious the damage, thereby increasing
the risk of CVD (30). These results all demonstrate the ability of
HGI to predict cardiovascular complications in T2DM patients.

At present, the specific mechanism of correlation between
HGI, diabetic, and CVD remains elusive. Some studies indicated
advanced glycation end products (AGEs) would be one of
the main contributor (24, 31). AGEs are intermediates in
response to chronic hyperglycemic states. In addition to AGEs,
several studies have shown that HGI levels are significantly
correlated with C-reactive protein and inflammatory markers
produced by polymorphonuclear leukocytes in the body (32).
These results suggest that diabetic patients with high HGI
levels have a high inflammatory state in the body, leading to
greater damage to vascular endothelial cells, which in turn
increases the risk of CHD or ischemic stroke (33). Interestingly,
some studies also indicated the interaction between HGI
and insulin plays an important role (34). Patients with high
HGI use insulin to control blood sugar at a higher rate,
indicating lack of capacity to control blood sugar well and the
development of hyperglycemia, which negatively affected the
function of various systems in the body (35, 36). Often high level
associated oxidative stress associated contributes to the glycemic
variability and poor prognosis. However, whether hypoglycemia
induced high HGI levels increase cardiovascular risk is still
debatable (37).

Our study confirms the prognostic value of HGI in CHD
complicated with diabetes undergoing PCI. In our study, we
identified the differences in related indicators at different HGI
levels in CHD patients with diabetes mellitus. Our results
showed that the elevated level of HGI was associated with
increasing Neut, Lymph, HbA1c, FPG, Diabetes Duration years,
Fibrinogen, D-Dimer, and NT-pro BNP (P < 0.05), while LVEF
(%), were decreased (P < 0.05). Further multivariate regression
analysis showed that high HGI level, high WBC count, high
NT- proBNP, and low LVEF% were independent risk factors
for MACE. Discordance between HbA1c and blood glucose has

been reported, with many people consistently having HbA1c
levels above or blow fasting blood glucose (11, 38), average
blood glucose (self-monitoring) (38), or continuous glucose
monitoring. We further calculated HGI through the linear
equation relationship between FPG and HbA1c. Differences
in the glycation of hemoglobin between individuals with the
same FPG values can be assessed by the calculation of HGI.
HGI is a measure of the difference between an observed
HbA1c value and a predicted value based on blood glucose
levels (26). The ROC curve was used to analyze the predictive
value of HGI for CHD with MACE, the area under the
curve was 0.709, the predictive sensitivity was 56.6%, and
the specificity was 79.7%. At the same time, Kaplan-Meier
survival analysis showed that the survival of patients in the
high HGI group was significantly declined. The GRACE risk
score is an important scoring tool recommended by the current
domestic and foreign guidelines for ACS risk stratification and
assessment of the risk of inpatient events (39, 40). However,
when the GRACE risk score is used alone, its predictive value
is relatively limited (41). In recent years, some studies have
reported that the combination of some biochemical indicators
with the GRACE risk score has a certain application value in
evaluating the prognosis of patients with CHD (42). In this
study, the model validation of GRACE risk score combined with
HGI was established, and the NRI was 26.3%, indicating that
when HGI combined with GRACE risk score, the predictive
value of MACE events in patients with CHD complicated with
T2DM can be further improved compared with the use of
GRACE score alone. Taken together, HGI has a good clinical
diagnostic value in assessing the occurrence of MACE in CHD
patients with T2DM.

Despite demonstrating diagnostic potential of HGI, this
study still has certain limitations. Ethnicity was limited to the
Asian population due to the specificity of enrolled patients.
Ethnicity is an important factor in HGI studies as the ACCORD
study indicates that non-Caucasians have a higher HGI level
as compared to other ethnicity (27). Also similar studies
demonstrated that Hispanics, Asians and Africans have higher
HbA1c levels compared to Caucasians (43). Due to the limited
number of included studies, meta-regression and dose-response
meta-analyses were not performed in this study. That being said,
our future work will include multicenter and meta-analyses,
including ethnicity, and the ability to guide clinical treatment
based on HGI levels.

Conclusion

In conclusion, our findings demonstrated the potential of
HGI as an independent predictor of MACE events in patients
with CHD complicated with T2DM undergoing PCI. HGI
can be used for personalized assessment and prediction of
cardiovascular adverse events.

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.3389/fcvm.2022.992252
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-992252 October 29, 2022 Time: 14:49 # 10

Xu et al. 10.3389/fcvm.2022.992252

Data availability statement

The original contributions presented in this study are
included in the article/supplementary material, further inquiries
can be directed to the corresponding authors.

Author contributions

JT and JZ conceived and participated in the study design
and drafting of the initial manuscript. SX and ZQ contributed
to the data acquisition, analysis, and drafted the manuscript. All
authors contributed to the interpretation of the data, critically
revised the manuscript, and approved the final version before
submission.

Funding

This work was supported by the National Natural
Science Foundation of China (Nos. 82170281, 81870328,
and U2004203), the Henan Thousand Talents Program (No.
ZYQR201912131), the Henan Province Youth Talent Promoting

Project (No. 2020HYTP051), the Excellent Youth Science
Foundation of Henan Province (No. 202300410362), Central
Plains Youth Top Talent, Advanced funds (No. 2021-CCA-
ACCESS-125), and Henan Province Medical Science and
Technology Key Joint Project (SBGJ202101012).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

References

1. Zhao D, Liu J, Wang M, Zhang X, Zhou M. Epidemiology of cardiovascular
disease in China: current features and implications. Nat Rev Cardiol. (2019)
16:203–12. doi: 10.1038/s41569-018-0119-4

2. Boudoulas KD, Triposciadis F, Geleris P, Boudoulas H. Coronary
atherosclerosis: pathophysiologic basis for diagnosis and management. Prog
Cardiovasc Dis. (2016) 58:676–92. doi: 10.1016/j.pcad.2016.04.003

3. Leong DP, Joseph PG, McKee M, Anand SS, Teo KK, Schwalm JD, et al.
Reducing the global burden of cardiovascular disease, part 2: prevention and
treatment of cardiovascular disease. Circ Res. (2017) 121:695–710. doi: 10.1161/
circresaha.117.311849

4. Kamstrup PR. Lipoprotein(a) and cardiovascular disease. Clin Chem. (2021)
67:154–66. doi: 10.1093/clinchem/hvaa247

5. Ference BA, Graham I, Tokgozoglu L, Catapano AL. Impact of lipids on
cardiovascular health: JACC health promotion series. J Am Coll Cardiol. (2018)
72:1141–56. doi: 10.1016/j.jacc.2018.06.046

6. Brown A, Reynolds LR, Bruemmer D. Intensive glycemic control and
cardiovascular disease: an update. Nat Rev Cardiol. (2010) 7:369–75. doi: 10.1038/
nrcardio.2010.35

7. Rydén L, Grant PJ, Anker SD, Berne C, Cosentino F, Danchin N, et al.
ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed
in collaboration with the EASD: the task force on diabetes, pre-diabetes, and
cardiovascular diseases of the European society of cardiology (ESC) and developed
in collaboration with the European association for the study of diabetes (EASD).
Eur Heart J. (2013) 34:3035–87. doi: 10.1093/eurheartj/eht108

8. Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, et al. Global
and regional diabetes prevalence estimates for 2019 and projections for 2030 and
2045: results from the international diabetes federation diabetes atlas. Diabetes Res
Clin Pract. (2019) 157:107843. doi: 10.1016/j.diabres.2019.107843

9. Grundy SM, Stone NJ, Bailey AL, Beam C, Birtcher KK, Blumenthal RS, et al.
2018 AHA/ACC/AACVPR/AAPA/ABC/ACPM/ADA/AGS/APhA/ASPC/NLA/
PCNA guideline on the management of blood cholesterol: a report of the American
college of cardiology/American heart association task force on clinical practice
guidelines. Circulation. (2019) 139:e1082–143. doi: 10.1161/cir.0000000000000625

10. Herman WH, Cohen RM. Racial and ethnic differences in the relationship
between HbA1c and blood glucose: implications for the diagnosis of diabetes. J Clin
Endocrinol Metab. (2012) 97:1067–72. doi: 10.1210/jc.2011-1894

11. Gonzalez A, Deng Y, Lane AN, Benkeser D, Cui X, Staimez LR, et al. Impact of
mismatches in HbA(1c) vs glucose values on the diagnostic classification of diabetes
and prediabetes. Diabet Med. (2020) 37:689–96. doi: 10.1111/dme.14181

12. Cheng PC, Hsu SR, Cheng YC, Liu YH. Relationship between hemoglobin
glycation index and extent of coronary heart disease in individuals with type 2
diabetes mellitus: a cross-sectional study. PeerJ. (2017) 5:e3875. doi: 10.7717/peerj.
3875

13. Rodríguez-Segade S, Rodríguez J, Cabezas-Agricola JM, Casanueva FF,
Camiña F. Progression of nephropathy in type 2 diabetes: the glycation gap is a
significant predictor after adjustment for glycohemoglobin (Hb A1c). Clin Chem.
(2011) 57:264–71. doi: 10.1373/clinchem.2010.144949

14. Herman WH, Ma Y, Uwaifo G, Haffner S, Kahn SE, Horton ES, et al.
Differences in A1C by race and ethnicity among patients with impaired glucose
tolerance in the diabetes prevention program. Diabetes Care. (2007) 30:2453–7.
doi: 10.2337/dc06-2003

15. Hempe JM, Gomez R, McCarter RJ Jr., Chalew SA. High and low hemoglobin
glycation phenotypes in type 1 diabetes: a challenge for interpretation of glycemic
control. J Diabetes Complications. (2002) 16:313–20. doi: 10.1016/s1056-8727(01)
00227-6

16. Hempe JM, Yang S, Liu S, Hsia DS. Standardizing the haemoglobin glycation
index. Endocrinol Diabetes Metab. (2021) 4:e00299. doi: 10.1002/edm2.299

17. Hempe JM, Hsia DS. Variation in the hemoglobin glycation index. J Diabetes
Complications. (2022) 36:108223. doi: 10.1016/j.jdiacomp.2022.108223

18. Jin JL, Sun D, Cao YX, Guo YL, Wu NQ, Zhu CG, et al. Triglyceride glucose
and haemoglobin glycation index for predicting outcomes in diabetes patients with
new-onset, stable coronary artery disease: a nested case-control study. Ann Med.
(2018) 50:576–86. doi: 10.1080/07853890.2018.1523549

19. Neumann FJ, Sousa-Uva M, Ahlsson A, Alfonso F, Banning AP, Benedetto U,
et al. 2018 ESC/EACTS Guidelines on myocardial revascularization. Eur Heart J.
(2019) 40:87–165. doi: 10.1093/eurheartj/ehy394

Frontiers in Cardiovascular Medicine 10 frontiersin.org

https://doi.org/10.3389/fcvm.2022.992252
https://doi.org/10.1038/s41569-018-0119-4
https://doi.org/10.1016/j.pcad.2016.04.003
https://doi.org/10.1161/circresaha.117.311849
https://doi.org/10.1161/circresaha.117.311849
https://doi.org/10.1093/clinchem/hvaa247
https://doi.org/10.1016/j.jacc.2018.06.046
https://doi.org/10.1038/nrcardio.2010.35
https://doi.org/10.1038/nrcardio.2010.35
https://doi.org/10.1093/eurheartj/eht108
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1161/cir.0000000000000625
https://doi.org/10.1210/jc.2011-1894
https://doi.org/10.1111/dme.14181
https://doi.org/10.7717/peerj.3875
https://doi.org/10.7717/peerj.3875
https://doi.org/10.1373/clinchem.2010.144949
https://doi.org/10.2337/dc06-2003
https://doi.org/10.1016/s1056-8727(01)00227-6
https://doi.org/10.1016/s1056-8727(01)00227-6
https://doi.org/10.1002/edm2.299
https://doi.org/10.1016/j.jdiacomp.2022.108223
https://doi.org/10.1080/07853890.2018.1523549
https://doi.org/10.1093/eurheartj/ehy394
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-992252 October 29, 2022 Time: 14:49 # 11

Xu et al. 10.3389/fcvm.2022.992252

20. Jia W, Weng J, Zhu D, Ji L, Lu J, Zhou Z, et al. Standards of medical care
for type 2 diabetes in China 2019. Diabetes Metab Res Rev. (2019) 35:e3158. doi:
10.1002/dmrr.3158

21. Eisuke Inoue. Nricens: NRI for risk prediction models with time to event and
binary response data. R package Version 1.6. (2018). Available online at: https:
//CRAN.R-project.org/package=nricens (accessed October 5, 2022).

22. Zhao Q, Zhou F, Zhang Y, Zhou X, Ying C. Fasting plasma glucose variability
levels and risk of adverse outcomes among patients with type 2 diabetes: a
systematic review and meta-analysis. Diabetes Res Clin Pract. (2019) 148:23–31.
doi: 10.1016/j.diabres.2018.12.010

23. Leong A, Wheeler E. Genetics of HbA1c: a case study in clinical translation.
Curr Opin Genet Dev. (2018) 50:79–85. doi: 10.1016/j.gde.2018.02.008

24. Felipe DL, Hempe JM, Liu S, Matter N, Maynard J, Linares C, et al.
Skin intrinsic fluorescence is associated with hemoglobin A(1c)and hemoglobin
glycation index but not mean blood glucose in children with type 1 diabetes.
Diabetes Care. (2011) 34:1816–20. doi: 10.2337/dc11-0049

25. Kovatchev B, Cobelli C. Glucose variability: timing, risk analysis, and
relationship to hypoglycemia in diabetes. Diabetes Care. (2016) 39:502–10. doi:
10.2337/dc15-2035

26. Ahn CH, Min SH, Lee DH, Oh TJ, Kim KM, Moon JH, et al. Hemoglobin
glycation index is associated with cardiovascular diseases in people with impaired
glucose metabolism. J Clin Endocrinol Metab. (2017) 102:2905–13. doi: 10.1210/jc.
2017-00191

27. Hempe JM, Liu S, Myers L, McCarter RJ, Buse JB, Fonseca V. The hemoglobin
glycation index identifies subpopulations with harms or benefits from intensive
treatment in the ACCORD trial. Diabetes Care. (2015) 38:1067–74. doi: 10.2337/
dc14-1844

28. van Steen SC, Woodward M, Chalmers J, Li Q, Marre M, Cooper ME, et al.
Haemoglobin glycation index and risk for diabetes-related complications in the
action in diabetes and vascular disease: Preterax and Diamicron modified release
controlled evaluation (ADVANCE) trial. Diabetologia. (2018) 61:780–9. doi: 10.
1007/s00125-017-4539-1

29. Kim MK, Jeong JS, Yun JS, Kwon HS, Baek KH, Song KH, et al. Hemoglobin
glycation index predicts cardiovascular disease in people with type 2 diabetes
mellitus: a 10-year longitudinal cohort study. J Diabetes Complications. (2018)
32:906–10. doi: 10.1016/j.jdiacomp.2018.08.007

30. Lebovitz HE. Insulin resistance–a common link between type 2 diabetes and
cardiovascular disease. Diabetes Obes Metab. (2006) 8:237–49. doi: 10.1111/j.1463-
1326.2005.00521.x

31. Park SY, Kim YA, Hong YH, Moon MK, Koo BK, Kim TW. Up-regulation
of the receptor for advanced glycation end products in the skin biopsy specimens
of patients with severe diabetic neuropathy. J Clin Neurol. (2014) 10:334–41. doi:
10.3988/jcn.2014.10.4.334

32. Hofmann B, Adam AC, Jacobs K, Riemer M, Erbs C, Bushnaq H, et al.
Advanced glycation end product associated skin autofluorescence: a mirror of
vascular function? Exp Gerontol. (2013) 48:38–44. doi: 10.1016/j.exger.2012.0
4.011

33. Liu S, Hempe JM, McCarter RJ, Li S, Fonseca VA. Association between
Inflammation and Biological Variation in hemoglobin A1c in U.S. Nondiabetic
Adults. J Clin Endocrinol Metab. (2015) 100:2364–71. doi: 10.1210/jc.2014-4454

34. Klein KR, Franek E, Marso S, Pieber TR, Pratley RE, Gowda A, et al.
Hemoglobin glycation index, calculated from a single fasting glucose value, as a
prediction tool for severe hypoglycemia and major adverse cardiovascular events
in DEVOTE. BMJ Open Diabetes Res Care. (2021) 9:e002339. doi: 10.1136/bmjdrc-
2021-002339

35. Marini MA, Fiorentino TV, Succurro E, Pedace E, Andreozzi F, Sciacqua A,
et al. Association between hemoglobin glycation index with insulin resistance and
carotid atherosclerosis in non-diabetic individuals. PLoS One. (2017) 12:e0175547.
doi: 10.1371/journal.pone.0175547

36. Reaven G. Insulin resistance, type 2 diabetes mellitus, and cardiovascular
disease: the end of the beginning. Circulation. (2005) 112:3030–2. doi: 10.1161/
circulationaha.105.504670

37. Carette C, Czernichow S. Harms and benefits of the haemoglobin glycation
index (HGI). Eur J Prev Cardiol. (2017) 24:1402–4. doi: 10.1177/2047487317717821

38. Khaw KT, Wareham N, Luben R, Bingham S, Oakes S, Welch A, et al.
Glycated haemoglobin, diabetes, and mortality in men in Norfolk cohort of
european prospective investigation of cancer and nutrition (EPIC-Norfolk). BMJ.
(2001) 322:15–8. doi: 10.1136/bmj.322.7277.15

39. Zhang C, Jiang L, Xu L, Tian J, Liu J, Zhao X, et al. Implications of N-terminal
pro-B-type natriuretic peptide in patients with three-vessel disease. Eur Heart J.
(2019) 40:3397–405. doi: 10.1093/eurheartj/ehz394

40. Collet JP, Thiele H, Barbato E, Barthélémy O, Bauersachs J, Bhatt DL,
et al. 2020 ESC Guidelines for the management of acute coronary syndromes in
patients presenting without persistent ST-segment elevation. Eur Heart J. (2021)
42:1289–367. doi: 10.1093/eurheartj/ehaa575

41. Granger CB, Goldberg RJ, Dabbous O, Pieper KS, Eagle KA, Cannon CP, et al.
Fox: predictors of hospital mortality in the global registry of acute coronary events.
Arch Intern Med. (2003) 163:2345–53. doi: 10.1001/archinte.163.19.2345

42. Paveliæ K, Paveliæ ZP, Cabrijan T, Karner I, Samarzija M, Stambrook
PJ. Insulin-like growth factor family in malignant haemangiopericytomas: the
expression and role of insulin-like growth factor I receptor. J Pathol. (1999)
188:69–75. doi: 10.1002/(sici)1096-9896(199905)188:13.0.Co;2-p

43. Tsugawa Y, Mukamal KJ, Davis RB, Taylor WC, Wee CC. Should the
hemoglobin A1c diagnostic cutoff differ between blacks and whites? A cross-
sectional study. Ann Intern Med. (2012) 157:153–9. doi: 10.7326/0003-4819-157-
3-201208070-00004

Frontiers in Cardiovascular Medicine 11 frontiersin.org

https://doi.org/10.3389/fcvm.2022.992252
https://doi.org/10.1002/dmrr.3158
https://doi.org/10.1002/dmrr.3158
https://CRAN.R-project.org/package=nricens
https://CRAN.R-project.org/package=nricens
https://doi.org/10.1016/j.diabres.2018.12.010
https://doi.org/10.1016/j.gde.2018.02.008
https://doi.org/10.2337/dc11-0049
https://doi.org/10.2337/dc15-2035
https://doi.org/10.2337/dc15-2035
https://doi.org/10.1210/jc.2017-00191
https://doi.org/10.1210/jc.2017-00191
https://doi.org/10.2337/dc14-1844
https://doi.org/10.2337/dc14-1844
https://doi.org/10.1007/s00125-017-4539-1
https://doi.org/10.1007/s00125-017-4539-1
https://doi.org/10.1016/j.jdiacomp.2018.08.007
https://doi.org/10.1111/j.1463-1326.2005.00521.x
https://doi.org/10.1111/j.1463-1326.2005.00521.x
https://doi.org/10.3988/jcn.2014.10.4.334
https://doi.org/10.3988/jcn.2014.10.4.334
https://doi.org/10.1016/j.exger.2012.04.011
https://doi.org/10.1016/j.exger.2012.04.011
https://doi.org/10.1210/jc.2014-4454
https://doi.org/10.1136/bmjdrc-2021-002339
https://doi.org/10.1136/bmjdrc-2021-002339
https://doi.org/10.1371/journal.pone.0175547
https://doi.org/10.1161/circulationaha.105.504670
https://doi.org/10.1161/circulationaha.105.504670
https://doi.org/10.1177/2047487317717821
https://doi.org/10.1136/bmj.322.7277.15
https://doi.org/10.1093/eurheartj/ehz394
https://doi.org/10.1093/eurheartj/ehaa575
https://doi.org/10.1001/archinte.163.19.2345
https://doi.org/10.1002/(sici)1096-9896(199905)188:13.0.Co;2-p
https://doi.org/10.7326/0003-4819-157-3-201208070-00004
https://doi.org/10.7326/0003-4819-157-3-201208070-00004
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	The hemoglobin glycation index predicts the risk of adverse cardiovascular events in coronary heart disease patients with type 2 diabetes mellitus
	Introduction
	Materials and methods
	Study design and population
	Clinical data collection
	Follow up
	Hemoglobin glycation index calculation
	Statistical analysis

	Results
	Comparison of the clinical and laboratory characteristics according to the hemoglobin glycation index
	Univariate vs. multivariate cox regression analysis for the occurence of major adverse cardiovascular event
	Receiver operating characteristic curve and risk of incident major adverse cardiovascular event according to hemoglobin glycation index

	Discussion
	Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


