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Association of triglyceride glucose-body
mass index and hemoglobin glycation index
with heart failure prevalence in hypertensive
populations: a study across different glucose
metabolism status
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Abstract

Background The Triglyceride glucose-body mass index (TyG-BMI) and hemoglobin glycation index (HGI) are well-
established surrogate markers for insulin resistance. Nevertheless, the extent to which these markers offer additive
predictive value for heart failure (HF) prevalence in hypertensive populations, and their predictive utility across various
diabetic statuses, remains to be clarified. Consequently, this study aimed to explore the independent and synergistic
effects of TyG-BMI and HGI on HF risk among individuals with different diabetic statuses.

Methods Data from the study population (n=9847) were obtained from the National Health and Nutrition
Examination Survey (NHANES). Multivariable logistic regression models were employed to estimate odds ratios (ORs)
and 95% confidence intervals (Cls) to assess the combined associations between TyG-BMI and HGl and the prevalence
of HF across various diabetic statuses.

Results In the total population, compared to the reference group (low TyG-BMI and low HGlI), the OR (95% Cl) for HF
prevalence was 1.30 (1.04, 1.64) for the combination of low TyG-BMI and high HGI, 2.40 (1.76, 3.29) for high TyG-BM|
and low HGI, and 3.47 (2.41, 4.99) for high TyG-BMI and high HGI. Interestingly, among normoglycemic individuals,
higher TyG-BMI and HGI did not significantly increase the prevalence of HF. Conversely, in the prediabetic population,
the OR (95%Cl) for HF prevalence was 2.42 (1.69, 3.48) for the combination of high TyG-BMI and low HGI, and 4.30
(2.45, 7.54) for high TyG-BMI and high HGI. Similarly, in the diabetic population, the OR (95%Cl) for HF prevalence was
2.22 (1.43,3.45) for low TyG-BMI and high HGI, 4.04 (2.43, 6.73) for high TyG-BMI and low HGI, and 4.13 (2.25, 7.59) for
high TyG-BMI and high HGI, compared to low TyG-BMI and low HGI.

Conclusion This study reveals that elevated TyG-BMI and HGlI levels exert a synergistic impact on the prevalence of
HF in hypertensive adults, especially in those with prediabetes and diabetes. Additionally, the presence of prediabetes
and diabetes may amplify the detrimental combined effect of TyG-BMI and HGI on HF prevalence.
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Background

Heart failure (HF) is a prevalent and serious cardiovas-
cular condition associated with significant morbidity
and mortality worldwide [1]. Early identification of indi-
viduals at an high risk for HF is crucial for timely inter-
ventions and the development of effective preventive
strategies [2]. Hypertensive adults with prediabetes and
diabetes form a vulnerable population that experiences
an increased risk of HF due to the complex interplay of
various shared mechanisms, such as insulin resistance
(IR), cardiac remodeling and fibrosis, inflammation, oxi-
dative stress, vascular complications, and other common
risk factors [3-5].

Recently, there has been a growing interest in novel
indices that integrate multiple metabolic parameters to
comprehensively assess cardiometabolic risk and pre-
dict adverse cardiovascular outcomes. Notably, the tri-
glyceride glucose-body mass index (TyG-BMI) and the
hemoglobin glycation index (HGI) stand out in this con-
text [6, 7]. The TyG-BMI, a composite marker, is formu-
lated through the integration of measurements of insulin
resistance (TyG) and BMI as a measure of adiposity [6,
8]. Research has demonstrated that elevated levels of
TyG-BMI have been associated with an increased risk of
various cardiometabolic abnormalities, including IR, dia-
betes, dyslipidemia, obesity, and cardiovascular disease
(CVD) [9-11]. Concurrently, the HGI offers insights into
the extent of glycosylated hemoglobin (HbAlc) exceed-
ing the levels anticipated based on glucose levels [12]. It
has been proposed as an indicator of glycemic variability
and has shown associations with the risk of IR, complica-
tions related to diabetes, and CVD [13-15].

Previous research has examined these indices in iso-
lation, frequently neglecting their collective influence,
especially in hypertensive adults with prediabetes and
diabetes. This oversight is significant, as these popula-
tions are particularly vulnerable to HF due to intercon-
nected metabolic, inflammatory, and cardiovascular
processes [16]. The study addresses this by assessing how
the interplay between IR (TyG-BMI) and glycemic con-
trol variability (HGI) contributes to HF risk, thus provid-
ing a more comprehensive risk assessment tool for these
high-risk groups [17, 18]. This approach not only fills a
critical gap in understanding the multifactorial nature
of HF but also aids in the development of targeted pre-
ventive and management strategies for HF in hyperten-
sive individuals with varying diabetic statuses. Moreover,
the onset and progression of HF are influenced by vari-
ous factors, including IR, lipid metabolism, and adipos-
ity, which are recognized as primary pathophysiological

mechanisms [19, 20]. Therefore, investigating the com-
bined effect of TyG-BMI and HGI on HF can provide
valuable insights into their synergistic effects on the
development of HF and assist in identifying individuals at
the highest risk.

The objective of this study is to examine the combined
effect of TyG-BMI and HGI on the prevalence of HF in
hypertensive adults with prediabetes and diabetes. By
assessing these biomarkers, the goal is to enhance risk
stratification and facilitate the development of personal-
ized preventive and management strategies for HF in this
vulnerable population.

Methods

Study population

This study utilized data obtained from the National
Health and Nutrition Examination Survey (NHANES),
a comprehensive program conducted by the Centers for
Disease Control and Prevention (CDC) and the National
Centers for Health Statistics (NCHS) in the United
States. NHANES is designed to assess the health and
nutritional status of the U.S. population, following the
STROBE guidelines for reporting observational stud-
ies. The NHANES study protocol was sanctioned by
the NCHS Research Ethics Review Board, and all par-
ticipants provided written informed consent. Our study
extracted data from the NHANES website (https://www.
cdc.gov/nchs/nhanes/index.htm), which encompassed
ten survey cycles conducted between 1999 and 2018.
After excluding individuals with incomplete data, the
final study population comprised 9847 adults aged 20
years or older who had been diagnosed with hyperten-
sion and had participated in NHANES across various
survey cycles: 1999-2000 (n=867), 2001-2002 (n=943),
2003-2004 (n=897), 2005-2006 (n=816), 2007-2008
(n=1077), 2009-2010 (1n=1102), 2011-2012 (#=1006),
2013-2014 (n=1085), 2015-2016 (n=972), and 2017-
2018 (n=1082). The analysis focused on NHANES par-
ticipants with hypertension, defined as having a systolic
blood pressure of 140 mmHg or higher and/or a diastolic
blood pressure of 90 mmHg or higher, taking antihyper-
tensive medications, or having a self-reported history of
hypertension [21]. Figure 1 presents a flowchart illustrat-
ing the selection process of the study population.

Data collection and definitions

This study utilized a comprehensive set of covariates
encompassing demographic information, medical his-
tory, and laboratory tests to comprehensively explore
the research question. Demographic data, collected via
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between 1999 and 2018

23,508 NHANES participants aged > 20
years with hypertension were included

Excluded:
* 13,367 missing FBG, HbAlc and

k.

TG data
* 244 missing glucose-lowering
drug and BMI data

Complete baseline data
(N=9,897)

50 missing diagnosis of heart failure

were excluded

Final analysis

Fig. 1 Flow chart of study population

self-report NHANES questionnaires, such as age, sex,
racial/ethnic background, educational attainment, smok-
ing status, and alcohol consumption. The calculation of
BMI involved utilizing participants’ weight and height
measurements. Information reported by the partici-
pants was utilized to identify individuals with physician-
diagnosed coronary heart disease (CHD), HF, as well
as the use of hypoglycemic drugs, lipid-lowering drugs,
and antihypertensive drugs. Fasting venous blood sam-
ples were collected on-site during the survey and then
sent to the Lipoprotein Analytical Laboratory at Johns
Hopkins University School of Medicine. Lipid param-
eters, including total cholesterol (TC), triglycerides
(TG), low-density lipoprotein cholesterol (LDL-C), and
high-density lipoprotein cholesterol (HDL-C) concen-
trations, were measured using the Hitachi 704 Analyzer.
Fasting blood glucose (FBG) concentration was deter-
mined using a complete blood count (CBC) identifica-
tion procedure. HbAlc levels, which provide a measure
of long-term blood glucose control, were measured using
high-performance liquid chromatography (HPLC) in a
centralized laboratory. Hemoglobin concentrations were

(N=9,847)
Normoglycemia Prediabetes Diabetes
(N=2,790) (N=5,175) (N=1,882)

determined by analyzing whole blood with the Beckman
Coulter MAXM instrument using a five-part differential
complete blood count method. Albumin concentration
was evaluated using specific antibodies that interact with
albumin through an immunoturbidimetric assay. The
estimated glomerular filtration rate (eGFR) was deter-
mined by applying the simplified Modification of Diet in
Renal Disease (MDRD) formula, which yields an estimate
of kidney function [22].

The participants were classified into three groups based
on their diabetic status using the criteria provided by the
American Diabetes Association (ADA): normoglycemia,
which included individuals with both FBG levels below
5.6 mmol/L and HbAlc levels below 5.7%, and no pre-
scription of hypoglycemic drugs; prediabetes, which was
defined by FBG levels ranging from 5.6 to 6.9 mmol/L or
HbA1lc levels between 5.7 and 6.4%, or both, and no pre-
scription of hypoglycemic drugs. Diabetes was defined as
FBG levels equal to or greater than 7.0 mmol/L or HbAlc
levels equal to or greater than 6.5%, or both. Additionally,
individuals with a prescription of hypoglycemic drugs
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were classified as diabetic, irrespective of their FBG or
HbA1lc values [23].

The TyG-BMI index was calculated using the for-
mula: In [TG (mg/dL) X FBG (mg/dL)/2] x BMI [6]. The
HGI value was determined by subtracting the predicted
HbAlc value from the observed HbAlc value [7]. The
predicted HbAlc in this study was calculated using a
correlation regression equation based on the FBG and
HbAlc values measured at baseline: Predicted HbAlc
level=3.212+0.431 x FBG (mmol/L) (=0.826; P<0.001),
as illustrated in Fig. 2.

Ascertainment of outcome

The occurrence of HF events in NHANES was deter-
mined using a combination of self-reported data and
clinical assessments. NHANES incorporates a compre-
hensive questionnaire component that inquires about
participants’ medical history, including prior HF diagno-
ses. Participants are explicitly queried regarding whether
a healthcare professional has ever diagnosed them with
HE. Upon confirmation of the initial HF diagnosis,
NHANES performs comprehensive medical examina-
tions encompassing various assessments associated
with cardiovascular health. Additionally, NHANES may
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obtain participants’ medical records with their consent.
This integrative approach, combining self-reported data,
clinical assessments, and the review of medical records,
aims to enhance the accuracy and validity of HF determi-
nation in NHANES.

Statistical analysis

This study adhered to the statistical analysis guidelines
provided by the CDC, which can be accessed at https://
wwwn.cdc.gov/nchs/nhanes/tutorials/default.aspx.
Given the complex multistage stratified probability sur-
vey design employed in NHANES, our statistical analysis
incorporated sample weights, clustering, and stratifica-
tion to account for these factors. The baseline character-
istics of the study population were presented according
to their diabetes status (normoglycemia, prediabetes,
diabetes) and HF status (with HF, without HF). Survey-
weighted means or medians were employed to report
continuous variables, whereas survey-weighted percent-
ages were utilized for categorical variables. Receiver
operating characteristic (ROC) analysis was utilized to
identify the optimal thresholds of TyG-BMI and HGI
for detecting HF prevalence in the total population and
across different diabetes statuses. Multivariable logistic

y=3.212 + 0.431*x

I I |
15

20 25 30

FBG, mmol/L

Fig.2 Alinear correlation was observed between the levels of FBG and HbA1c. The predicted HbA1c level, determined through linear regression analysis
(represented by the red solid line), was calculated using the equation: Predicted HbA1c level=3.212+0.431 x FBG (mmol/L)
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regression models were used to estimate odds ratios
(ORs) and their corresponding 95% confidence intervals
(CIs) to assess the independent and combined associa-
tions of TyG-BMI and HGI with HF prevalence, both for
the total population and within specific diabetic sub-
groups. The selection of adjustment confounders was
based on clinical relevance, candidate variables with a
P-value of <0.05 in univariate analysis, and the availabil-
ity of events [24]. The statistical analyses were performed
using R version 4.0.2 and SPSS (IBM) version 23. Statis-
tical significance was determined based on a two-tailed
P-value below 0.05.

Table 1 Baseline characteristics according to diabetic statusa
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Results

Baseline characteristics

A total of 9847 adults with hypertension were included
in this study, with a mean age of 58 years. Among the
participants, 51.4% were male, 32.3% had normogly-
cemia, 51.7% had prediabetes, 16% had diabetes, and
5.4% had HF. The baseline characteristics of the study
population are presented in Tables 1 and 2, reflecting
the participants’ diabetes and HF statuses, respectively.
Table 1 demonstrates that patients with prediabetes and
diabetes were older, more likely to be male, of Hispanic
ethnicity, less educated, and had a higher prevalence of

Characteristics Normoglycemia Prediabetes Diabetes P-value
N=2790 N=5175 N=1882
Age, years 2790 (51) 5175 (60) 1882 (62) <0.001
Sex, % <0.001
Men 1227 (44.9) 2638(51.3) 967 (52.4)
Women 1563 (55.1) 2537 (48.7) 915 (47.6)
Race and ethnicity, % <0.001
Non-Hispanic White 1456 (74) 2441 (71.7) 700 (64.8)
Hispanic 346 (4.6) 688 (5.2) 362 (7.6)
Non-Hispanic Black 649 (12.2) 1223 (12.3) 504 (15.2)
Other® 339(9.2) 823(10.9) 316 (12.3)
Education attainment, % <0.001
<High school 312 (5.5) 733 (7.6) 362 (11.1)
High school 1077 (35.7) 2127 (40.6) 788 (40.5)
>High school 1400 (58.8) 2307 (51.8) 730 (48.4)
Smoking, % 585 (21 1) 954 (19) 273 (14.5) 0.001
Alcohol consumption, % 4(72.8) 2921 (68.6) 851(56.3) <0.001
BMI, kg/m2 2790 (27.7) 5175 (29.9) 1882 (32) <0.001
TC, mmol/L 2790 (5.1) 5175 (5.1) 1882 (4.6) <0.001
TG, mmol/L 2790 (1.2) 5175 (14) 1882 (1.6) <0.001
HDL-C, mmol/L 2790 (1.4) 5174 (13) 1882 (1.2) <0.001
LDL-C, mmol/L 2697 (3) 5022 (3) 1714 (2.5) <0.001
Haemoglobin, mg/dL 2786 (14.3) 5163 (14.5) 1879 (14.2) <0.001
Albumin, g/L 2781 (43) 5154 (42) 1874 (41) <0.001
eGFR, mL/min/1.73 m2 2780 (88.3) 5153(83.1) 1874 (82.5) <0.001
FBG, mmol/L 2790 (5.2) 5175 (6) 1882 (8.6) <0.001
TYG 2790 (8.6) 5175 (8.8) 1882 (9.3) <0.001
TyG-BMI 2790 (237.7) 5175 (266) 1882 (304.4) <0.001
HbAlc, % 2790 (5.3) 5175(5.7) 1882 (7.2) <0.001
Predictive HbA1c, % 2790 (5.5) 5175 (5.8) 1882 (6.9) <0.001
HGI 2790 -(0.1) 5175-(0.1) 1882 (0.2) <0.001
Hypoglycemic drugs, % 0(0) 466 (7.2) 1426 (74.7) <0.001
Lipid-lowering drugs, % 474 (17.9) 1728 (33.8) 991 (55.4) <0.001
Antihypertensive drugs, % 564 (19.4) 1143 (21.8) 502 (24.6) 0.005
CHD, % 145 (4.4) 404 (7.4) 215(12.1) <0.001
HF, % 105 (2.6) 327 (5.5) 205 (10.7) <0.001

Abbreviations: BMI, body mass index; TC, total cholesterol; TG, triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol;
eGFR, estimated glomerular filtration rate; FBG, fasting blood glucose; TyG, triglyceride glucose; TyG-BMI, triglyceride glucose-body mass index; HbA1c, hemoglobin
Alc; HGI, hemoglobin glycation index; CHD, coronary heart disease; HF, heart failure. Continuous values were expressed as survey-weighted mean or median,

categorical variables were expressed as survey-weighted percentage

2 Weighted to be nationally representative. Weighted percentage may not sum to 100% because of missing data

® Including American Indian/Alaska Native/Pacific Islander, Asian, and multiracial
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Table 2 Baseline characteristics stratified by HF status

Characteristics Without HF HF P-value
N=9210 N=637
Age, years 9210 (57) 637 (70) <0.001
Sex, % 0.642
Men 4503 (49.3) 329 (50.6)
Women 4707 (50.7) 308 (49.4)
Race and ethnicity, % 0.266
Non-Hispanic White 4259 (71.3) 338(72.2)
Hispanic 1329 (5.5) 67 (3.8)
Non-Hispanic Black 2223 (12.7) 153 (14.1)
Other® 1399 (10.6) 79 (9.9)
Education attainment, % <0.001
<High school 1275(7.1) 132(144)
High school 3709 (38.5) 283 (47.5)
>High school 4216 (54.4) 221(38.1)
Smoking, % 1699 (19) 113(19.2) 0.906
Alcohol consumption, % 5220 (69.2) 266 (48.5) <0.001
BMI, kg/m2 9210 (29.6) 637 (30) 0.051
TC, mmol/L 9210 (5.1) 637 (4.7) <0.001
TG, mmol/L 9210(1.3) 637 (1.5) 0.0506
HDL-C, mmol/L 9209 (1.3) 637 (1.2) <0.001
LDL-C, mmol/L 8835 (2.9) 598 (2.5) <0.001
Haemoglobin, mg/dL 9194 (14.4) 634 (13.8) <0.001
Albumin, g/L 9174 (42) 635 (41) <0.001
eGFR, mL/min/1.73 m2 9173 (85.7) 634 (67.2) <0.001
FBG, mmol/L 9210(5.7) 637 (6.2) <0.001
TyG 9210 (8.8) 637(8.9) <0.001
TyG-BMI 9210 (262.5) 637 (272.1) 0.004
HbA1c, % 9210 (5.6) 637 (5.9) <0.001
Predictive HbAlc, % 9210(5.7) 637 (5.9) <0.001
HGl 9210-(0.1) 637 (0) <0.001
Hypoglycemic drugs, % 1670 (14.7) 222 (33.7) <0.001
Lipid-lowering drugs, % 2833 (30.6) 360 (58.8) <0.001
Antihypertensive drugs, % 2062 (21.4) 147 (22.3) 0.731
CHD 527 (54) 237 (39.3) <0.001
Diabetic status <0.001
Normoglycemia 2685 (33.3) 105 (15.4)
Prediabetes 4848 (51.6) 327 (52.8)
Diabetes 1677 (15.1) 205 (31.8)

Abbreviations: HF, heart failure; BMI, body mass index; TC, total cholesterol; TG,
triglycerides; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; eGFR, estimated glomerular filtration rate; FBG, fasting
blood glucose; TyG, triglyceride glucose; TyG-BMI, triglyceride glucose-body
mass index; HbA1c, hemoglobin Alc; HGI, hemoglobin glycation index; CHD,
coronary heart disease. Continuous values were expressed as survey-weighted
mean or median, categorical variables were expressed as survey-weighted
percentage

2 Weighted to be nationally representative. Weighted percentage may not sum
to 100% because of missing data

® Including American Indian/Alaska Native/Pacific Islander, Asian, and
multiracial

obesity. Additionally, they exhibited elevated levels of
TG, FBG, TyG-BMI, HbAlc, predictive HbAlc, and HGI,
as well as lower levels of HDL-C, LDL-C, albumin, and
eGFR. These patients also had higher rates of hypogly-
cemic drugs, lipid-lowering drugs, and antihypertensive
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drugs, along with a higher prevalence of CHD and HF,
compared to those with normoglycemia (P<0.001). Fur-
thermore, the hypertensive population with HF was
characterized by older age, lower educational attain-
ment, higher TG, FBG, TyG, TyG-BMI, HbAlc, predic-
tive HbA1c, and HGI levels, as well as lower TC, HDL-C,
LDL-C, hemoglobin, albumin, and eGEFR levels, and a
higher prevalence of hypoglycemic drugs, lipid-lowering
drugs, antihypertensive drugs, CHD, and diabetes when
compared to individuals without HF (P<0.001) (Table 2).

Determination of the optimal thresholds for TyG-BMI and
HGI to detect HF

Additional file 1: Table S1 displays the optimal thresholds
for TyG-BMI and HGI as determined by ROC analysis.
In the total population, the optimal thresholds for detect-
ing TyG-BMI and HGI for HF were 342.89 and 0.25,
respectively. Among hypertensive subjects with normo-
glycemia, the optimal thresholds for TyG-BMI and HGI
were determined as 194.27 and —0.19, respectively. In
the prediabetic group, the optimal threshold values for
TyG-BMI and HGI were 326.08 and 0.47, respectively. In
the diabetic group, the optimal threshold values for TyG-
BMI and HGI were 342.88 and 0.41, respectively.

Association between TyG-BMI and HGI and the prevalence
of HF

The multivariate adjusted model presented in Table 3
depicts the respective associations of TyG-BMI and HGI
with the prevalence of HFE. In the general population,
individuals with high TyG-BMI exhibited an elevated
prevalence of HF (OR, 2.50; 95%CI, 1.95-3.20). Simi-
larly, an increased prevalence of HF was observed with
high HGI (OR, 1.33; 95%CI, 1.08—1.63). Among individu-
als in the normoglycemic group, elevated TyG-BMI and
HGI did not significantly increase the prevalence of HF
when compared to those with low TyG-BMI or HGI lev-
els. Among the prediabetic population, individuals with
high TyG-BMI (OR, 2.60; 95%CI, 1.89-3.58) and high
HGI (OR, 1.59; 95%CI, 1.15-2.20) exhibited an elevated
prevalence of HF. Likewise, diabetic patients with high
TyG-BMI (OR, 2.76; 95%CI, 1.86—4.08) and high HGI
(OR, 1.61; 95%CI, 1.14-2.28) displayed an increased
prevalence of HE.

Combined association of TyG-BMI and HGI with the
prevalence of HF

The multivariate-adjusted model presented in Table 4
illustrates the combined association of TyG-BMI and
HGI with the prevalence of HF. In the joint analysis, using
low TyG-BMI and low HGI as the reference, the OR and
corresponding 95% CI for the combination of low TyG-
BMI and high HGI, high TyG-BMI and low HGI, and
high TyG-BMI and high HGI in the total population were



Wang et al. Lipids in Health and Disease (2024) 23:53

Page 7 of 12

Table 3 Association of TyG-BMI and HGI with risk of HF in hypertensive population stratified by diabetic status

Age-standardized prevalence, % Age adjusted® Multivariate adjusted®
OR (95% Cl) Pvalue OR (95% Cl) Pvalue

Total
TyG-BMI category

Low (<342.89) 6.7 1 [Reference] 1 [Reference]

High (>342.89) 11.9 2.33(1.88,2.89) <0.001 2.50(1.95, 3.20) <0.001
HGI category

Low (0.25) 6.3 1 [Reference] 1 [Reference]

High (>0.25) 10.3 1.38(1.15, 1.66) 0.001 1.33(1.08, 1.63) 0.007
Normoglycemia
TyG-BMI category

Low (<£194.27) 6.6 1 [Reference] 1 [Reference]

High (>194.27) 39 0.67 (043, 1.04) 0.071 0.80 (049, 1.30) 0372
HGI category

Low (<-0.19) 33 1 [Reference] 1 [Reference]

High (>-0.19) 5.1 1.34 (0.88, 2.06) 0.177 148(0.93,2.34) 0.095
Prediabetes
TyG-BMI category

Low (£326.08) 6.6 1 [Reference] 1 [Reference]

High (>326.08) 9.7 2.35(1.76,3.12) <0.001 2.60(1.89,3.58) <0.001
HGI category

Low (£047) 6.5 1 [Reference] 1 [Reference]

High (>0.47) 10.8 1.76 (1.32,2.34) <0.001 1.59(1.15, 2.20) 0.005
Diabetes
TyG-BMI category

Low (<342.88) 10 1 [Reference] 1 [Reference]

High (>342.88) 171 2.67(1.92,3.70) <0.001 2.76 (1.86, 4.08) <0.001
HGI category

Low (<041) 10.5 1 [Reference] 1 [Reference]

High (>041) 13.6 145 (1.08, 1.94) 0.014 1.61(1.14,2.28) 0.008

Abbreviations: HF, heart failure; TyG-BM|, triglyceride glucose-body mass index; HGI, hemoglobin glycation index; OR, odds ratio; Cl, confidence interval

2 Adjusted for survey cycle, age

b Multivariable model adjusted for survey cycle, age, sex, race, education, smoking, LDL-C, eGFR, CHD, haemoglobin, and albumin

1.30 (1.04, 1.64), 2.40 (1.76, 3.29), and 3.47 (2.41, 4.99),
respectively. Furthermore, there was a gradual increase
in the prevalence of HF across all four groups, as dem-
onstrated in Fig. 3A (P for trend<0.001). In the normo-
glycemic population, higher TyG-BMI and HGI, as well
as their combination, did not elevate the prevalence
of HF, as depicted in Table 4; Fig. 3B. However, among
individuals with prediabetes, compared to the combina-
tion of low TyG-BMI and low HGI, a higher prevalence
of HF was observed in the combination of high TyG-
BMI and low HGI (OR, 2.42; 95% CI, 1.69-3.48) and the
combination of high TyG-BMI and high HGI (OR, 4.30;
95% CI, 2.45-7.54) (Fig. 3C, P for trend<0.001). Simi-
larly, in the diabetic population, the combination of low
TyG-BMI and high HGI, high TyG-BMI and low HGI,
and high TyG-BMI and high HGI yielded ORs (95%
CI) of 2.22 (1.43, 3.45), 4.04 (2.43, 6.73), and 4.13 (2.25,
7.59), respectively, in comparison to the combination of
low TyG-BMI and low HGI. Notably, a significant trend
towards an increased prevalence of HF was also observed

in the combination group among the diabetic population
(Fig. 3D, P for trend <0.001).

Discussion

This study is the first to investigate the combined asso-
ciation of TyG-BMI and HGI with the prevalence of HF
in a US representative hypertensive population, strati-
fied based on diabetes status. The main findings are as
follows: (1) Prediabetes and diabetes were characterized
by unfavorable baseline factors, such as advanced age, a
higher prevalence of obesity, and adverse metabolic pro-
files; (2) In the overall population, individuals with high
TyG-BMI or high HGI had an increased prevalence of
HEF, with their combination demonstrating the highest
prevalence; (3) Among normoglycemic populations, indi-
viduals with high TyG-BMI or high HGI did not show
an increased prevalence of HF, and their combination
did not result in cumulative risk effects; (4) Prediabetic
and diabetic individuals with high TyG-BMI or high HGI
were at a greater prevalence of HF. In the joint analysis,
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Table 4 Combined association of TyG-BMI and HGI with risk of HF in hypertensive population stratified by diabetic status

Age-standardized prevalence, % Age adjusted® Multivariate adjusted®
OR (95% Cl) P value OR (95% Cl) Pvalue
Total
Combination (TyG-BMI and HGI)
Low TyG-BMI and Low HGl 58 1 [Reference] 1 [Reference]
Low TyG-BMI and High HGI 93 1.36 (1.11,1.67) 0.003 1.30 (1.04, 1.64) 0.024
High TyG-BMI and Low HGI 10 2.27(1.72,299) <0.001 240 (1.76,3.29) <0.001
High TyG-BMI and High HGI 154 3.31(241,454) <0.001 347 (241,499) <0.001
Normoglycemia
Combination (TyG-BMI and HGI)
Low TyG-BMI and Low HGlI 55 1 [Reference] 1 [Reference]
Low TyG-BMI and High HGI 7.3 1.26 (0.57,2.76) 0.572 1.68(0.71,3.98) 0.236
High TyG-BMI and Low HGI 28 0.61(0.28,1.32) 0213 0.89(0.38,2.08) 0.79
High TyG-BMI and High HGI 4.6 0.86 (0.43,1.72) 0.664 1.26 (0.57,2.76) 0.565
Prediabetes
Combination (TyG-BMI and HGI)
Low TyG-BMI and Low HGI 6.2 1 [Reference] 1 [Reference]
Low TyG-BMI and High HGI 94 1.57(1.12,2.21) 0.009 143 (0.98, 2.10) 0.065
High TyG-BMI and Low HGI 84 2.15(1.56,2.98) <0.001 242(1.69,348) <0.001
High TyG-BMI and High HGI 16.7 4.45(2.69,7.36) <0.001 430 (245,7.54) <0.001
Diabetes
Combination (TyG-BMI and HGI)
Low TyG-BMI and Low HGI 7.7 1 [Reference] 1 [Reference]
Low TyG-BMI and High HGI 132 1.96 (1.35,2.85) <0.001 2.22(143,345) <0.001
High TyG-BMI and Low HGI 18.6 3.75(245,5.74) <0.001 4.04 (243,6.73) <0.001
High TyG-BMI and High HGI 14.8 3.62(2.18,6.03) <0.001 4.13(2.25,7.59) <0.001

Abbreviations: HF, heart failure; TyG-BM|, triglyceride glucose-body mass index; HGI, hemoglobin glycation index; OR, odds ratio; Cl, confidence interval

2 Adjusted for survey cycle, age

b Multivariable model adjusted for survey cycle, age, sex, race, education, smoking, LDL-C, eGFR, CHD, haemoglobin, and albumin

the combination of high TyG-BMI and high HGI was sig-
nificantly associated with a higher prevalence of HF com-
pared to other combinations.

Kiaw Er et al. [6] initially proposed the TyG-BMI and
conducted a comparative analysis of TyG-BMI, TyG, and
lipid-related parameters in a non-diabetic population,
revealing that TyG-BMI exhibited superior diagnostic
capabilities for IR. Subsequent studies have demonstrated
a positive correlation between elevated TyG-BMI lev-
els and an increased risk of various conditions, includ-
ing prediabetes, hypertension, hyperuricemia, metabolic
syndrome, nonalcoholic liver disease, stroke, and car-
diovascular events [9, 11, 25-27]. Nevertheless, limited
research has examined the impact of TyG-BMI on occur-
rence of HF among hypertensive individuals with diabe-
tes and prediabetes. The study suggests that hypertensive
individuals with elevated TyG-BMI levels may have a
greater likelihood of developing HF, with this association
being influenced by the presence of diabetes. Moreover,
this connection was observed exclusively in individuals
with prediabetes and diabetes. TyG-BMI incorporates
multiple factors into a single index, thereby offering a
more comprehensive assessment of metabolic health
compared to relying solely on individual biomarkers. It

captures the interplay among lipid metabolism, glucose
homeostasis, and adiposity, all of which play a crucial role
in the pathogenesis of HF [28, 29]. Moreover, the practi-
cality, accessibility, and predictive value of TyG-BMI fur-
ther strengthen its utility in investigating the association
with HF and potentially enhancing risk assessment and
management strategies in clinical settings.

HbAlc serves as the primary criterion for diagnosing
diabetes and prediabetes [30]. However, the HbAlc level
measured by the analyzer reflects only 60—-80% of the
average blood glucose level, and the remaining 20—-40%
of HbAlc variation may not be accounted for by the
observed HbAlc values [31-33]. To provide a compre-
hensive reflection of the blood glucose metabolic state,
Hempe et al. proposed HGI, which quantifies interindi-
vidual variations in HbAlc resulting from factors beyond
blood glucose concentration [34]. While previous studies
have established an association between elevated HGI
and an increased risk of prediabetes, diabetes, related
complications, and CVD, there is limited research explor-
ing the relationship between HGI and the risk of HF [13,
14]. Additionally, since HGI serves as an indicator of
blood glucose metabolism variations, its applicability
may be influenced by the individual’s diabetes status [35].
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Normoglycemia

P for trend = 0.948

Adjusted OR (95% CI)
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@ Diabetes
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Fig. 3 Combined association of TyG-BMI and HGI with risk of HF across the total population (A), normoglycemic individuals (B), prediabetic individuals
(C), and diabetic individuals (D). The solid symbols and error bars represent the odds ratios and their corresponding 95% confidence intervals. Adjusted
for survey cycle, age, sex, race, education, smoking, LDL-C, eGFR, CHD, hemoglobin, and albumin

Hence, it is imperative to evaluate the clinical significance
of HGI across various blood glucose states. This study is
the first to examine the association between HGI and HF
across various diabetic states. The findings indicate that
elevated HGI levels are linked to an increased prevalence
of HF among individuals with hypertension, although
this relationship is influenced by diabetes status. In par-
ticular, the positive association between HGI and the
prevalence of HF was observed exclusively in individuals
with prediabetes and diabetes, while no such association
was found in those with normoglycemia. An examination
of the relationship between HGI and HF across differ-
ent diabetic statuses enables clinicians to enhance their
understanding of the cardiovascular risk profile among
patients with diabetes and adapt their management
strategies accordingly. HGI offers supplementary infor-
mation beyond conventional glycemic markers and has
the potential to identify individuals in need of intensive
monitoring and more aggressive interventions to prevent
or manage HF. Nevertheless, additional research is neces-
sary to validate these findings and ascertain the optimal
clinical utilization of HGI in the context of managing HF.

TyG-BMI and HGI were selected as combined variables
due to several clinically relevant reasons. First, TyG-BMI
combines measurements of triglycerides, glucose, and
BM]I, all of which are established prevalence factors for

F [36]. This compound variable enables a more com-
prehensive evaluation of metabolic health and IR [37].
Moreover, HGI reflects the variability in glycemic con-
trol and the glycation of hemoglobin [7]. By integrating
these variables, researchers intend to encompass multiple
dimensions of metabolic dysfunction and assess their
influence on the risk of HF. In addition, the findings dem-
onstrated an independent association between elevated
TyG-BMI and HGI values and an increased prevalence
of HE. The simultaneous consideration of both variables
allows clinicians to achieve a more precise assessment of
HF risk and customize management strategies accord-
ingly. Furthermore, examining the relationship between
TyG-BMI, HGI, and HF across different diabetic statuses
facilitates the identification of high-risk subgroups. The
findings indicate that individuals in a prediabetic state
who display anomalies in both metabolic markers may
necessitate intensified monitoring and early intervention
to avert the onset of HF. The identification of individuals
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exhibiting elevated combined TyG-BMI and HGI values
empowers healthcare providers to introduce lifestyle
modifications, optimize glycemic control, and initiate
preventive measures to mitigate the risk of HE. Early
intervention plays a vital role in enhancing outcomes and
alleviating the burden of HF in individuals with diabetes.

Notably, gender-related differences significantly influ-
ence the prognosis of patients with these conditions.
Studies, such as the one indicated by Calabro P et al [38],
have explored these differences, highlighting how gen-
der can affect disease manifestation, progression, and
response to treatment. This study, which examines the
association of TyG-BMI and HGI with HF risk in hyper-
tensive populations, can benefit from acknowledging
these differences. Especially, gender may modulate the
risk factors and predictive values of these indices, poten-
tially influencing HF risk. Therefore, future research
should consider gender as a critical variable in under-
standing and managing cardiovascular and metabolic
diseases.

The biological mechanisms underlying the independent
and combined associations of TyG-BMI and HGI with
the prevalence of HF, as well as the modifying effect of
diabetes status, are complex and not fully understood.
However, there are several plausible explanations. First,
TyG-BMI, which combines measures of triglycerides,
glucose, and BM], is considered a marker of IR and met-
abolic dysfunction [6]. IR, characterized by impaired
insulin action and elevated glucose levels, leads to dys-
regulated lipid metabolism, inflammation, endothelial
dysfunction, and oxidative stress [39, 40]. These mecha-
nisms contribute to the development and progression
of HF [41, 42]. Elevated TyG-BMI reflects these under-
lying metabolic abnormalities and can independently
increase the prevalence of HFE. Second, HGI, which mea-
sures the variability in glycemic control and glycation of
hemoglobin, reflects long-term glycemic fluctuations
and glycation patterns [7]. Chronic hyperglycemia in
prediabetes and diabetes can result in the formation of
advanced glycation end products and increased oxida-
tive stress, promoting endothelial dysfunction, inflam-
mation, fibrosis, and cardiac remodeling [5, 43]. These
pathological processes can contribute to the develop-
ment and progression of HF. Higher HGI values, indi-
cating poorer glycemic control and increased glycation,
have been associated with an independent prevalence of
HE. Third, the combined effecct of TyG-BMI and HGI on
HF suggests synergistic interactions between IR, meta-
bolic dysfunction, and glycemic variability. IR and hyper-
glycemia can potentiate each other’s deleterious effects,
leading to a more pronounced cardiac damage [44]. This
synergy may result from the cumulative impact of dys-
regulated glucose and lipid metabolism, oxidative stress,
chronic inflammation, and endothelial dysfunction [45].
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The combined effects of TyG-BMI and HGI may amplify
these underlying mechanisms, ultimately increasing the
prevalence of HF. Fourth, diabetes status, including pre-
diabetes and established diabetes, can modify the rela-
tionship between TyG-BMI, HGI, and HF. In individuals
with prediabetes and diabetes, the presence of IR, hyper-
glycemia, and chronic glycemic fluctuations further
exacerbates the risk of HF [46]. The modifying effect of
diabetes status implies that the combined association of
TyG-BMI and HGI may be more pronounced in individ-
uals with prediabetes or established diabetes compared
to those with normoglycemia. Overall, the explanations
provided here are based on the current understanding
of IR, metabolic dysfunction, glycemic control, and car-
diac pathology. Further studies are needed to unravel the
intricate interplay between these factors and to elucidate
the underlying mechanisms in greater detail.

Strengths and limitations

To the best of our knowledge, this study is the first to
investigate the combined association of TyG-BMI and
HGI with the prevalence of HF, stratified by diabetes sta-
tus. However, several limitations should be noted. First,
the cross-sectional design limits the ability to establish
a cause-and-effect relationship between TyG-BMI, HGI,
and the prevalence of HF. It only allows for the assess-
ment of associations at a single time point, without
providing information on temporal relationships or the
possibility of reverse causality. Second, without longitu-
dinal data, it is challenging to determine whether TyG-
BMI and HGI preceded the development of HF or were a
consequence of it. Longitudinal studies are better suited
for reexamining temporal relationships. Third, despite
a large sample size, the generalizability of the findings
may be limited to the US adults with hypertension under
study. Fourth, the NHANES study’s limitation of only
providing fasting glucose data without postprandial glu-
cose. It prevents us from fully differentiating between
the prediabetes subcategories based on impaired glu-
cose tolerance (IGT). This finding primarily pertains to
the impaired fasting glucose (IFG) aspect of prediabetes,
and caution should be exercised when generalizing the
results to all prediabetic states. Fifth, despite adjusting for
enough confounding variables, the possibility of residual
confounding and known CVD effect remains. Unmea-
sured or inadequately measured factors could still influ-
ence the observed associations. Finally, the study relied
on self-reported data for recording outcomes, medical
history, lifestyle factors, and medication use. Self-report-
ing introduces potential recall bias and data collection
inaccuracies. However, NHANES employs rigorous
quality control measures and standardized protocols to
ensure the reliability and accuracy of the collected data.
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Conclusions

In a nationally representative cohort of hypertensive US
adults, the elevated TyG-BMI and HGI levels were asso-
ciated with an increased prevalence of HF. Notably, the
concurrent elevation of TyG-BMI and HGI levels was
associated with the highest prevalence of HF when com-
pared to other combinations. The relationships between
TyG-BMI and HGI and the prevalences of HF were found
to be influenced by the presence of diabetes. Specifically,
the adverse effects of TyG-BMI and HGI on HF preva-
lence were observed solely in populations with prediabe-
tes and diabetes. The clinical relevance of this study lies
in its demonstration that in hypertensive patients, partic-
ularly those with prediabetes and diabetes, the combined
assessment of TyG-BMI and HGI can serve as a signifi-
cant predictive tool for HF risk, thereby guiding more
personalized and effective risk stratification and manage-
ment strategies in clinical practice.
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