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Abstract
Background  While the high haemoglobin glycation index (HGI) has been extensively investigated in diabetic 
populations, its impact on patients with diabetic kidney disease (DKD) remains unclear.

Methods  We examined data from the National Health and Nutrition Examination Surveys (NHANES) conducted 
between 1999 and 2018. HGI was determined using the formula recommended by Hempe et al., which calculates the 
difference between measured and predicted HbA1c. Predicted HbA1c was derived from the equation: 0.024 FPG + 3.1. 
National death index records up to December 31, 2019, were utilized to assess mortality outcomes. To estimate 
hazard ratios (HRs) and 95% confidence intervals (CIs) for both all-cause and cardiovascular disease (CVD) mortality, 
we utilized Cox proportional hazard models. A restricted cubic spline analysis was performed to explore the potential 
nonlinear relationship between HGI levels and mortality.

Results  Our cohort study comprised data from 1,057 participants with DKD (mean [SE] age, 61.61 [0.57] years; 
48.24% female). The mean HGI level was 0.44 (SE 0.04). Over a median follow-up period of 6.67 years, we observed 
381 deaths, including 140 due to CVD. Compared with participants in the second tertile of HGI levels (0.03–0.74), 
those in the lowest tertile of HGI (-5.29–0.02) exhibited an all-cause mortality hazard ratio of 1.39 (95% CI, 1.02–1.88) 
and a CVD mortality hazard ratio of 1.10 (95% CI, 0.67–1.81). Conversely, participants in the highest tertile (0.75–9.60) 
demonstrated an all-cause mortality hazard ratio of 1.48 (95% CI, 1.05–2.08) and a CVD mortality hazard ratio of 2.06 
(95% CI, 1.13–3.77) after further adjusting for HbA1c and other important variables. Additionally, a restricted cubic 
spline analysis revealed a U-shaped relationship between HGI and all-cause mortality (P < 0.001 for nonlinearity) and a 
J-shaped relationship between HGI and CVD mortality (P = 0.044 for nonlinearity).

Conclusions  Our cohort study suggests that HGI in DKD populations exhibits a U-shaped association with all-cause 
mortality and a J-shaped association with CVD mortality, independent of HbA1c levels.
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Introduction
Diabetic kidney disease (DKD), a major complication of 
diabetes mellitus, is characterized by proteinuria, glo-
merulosclerosis, and progressive renal failure [1]. DKD 
affects approximately 20–40% of all diabetic patients and 
is a leading cause of chronic kidney disease (CKD) and 
end-stage renal disease (ESRD) worldwide [2]. Aggres-
sive glycemic intervention is crucial for this high-risk 
population, significantly improving disease outcomes [3]. 
However, traditional glycemic monitoring metrics, such 
as glycated hemoglobin (HbA1c), have limitations. While 
HbA1c is widely used to measure glycemic control, its 
levels are influenced by factors beyond blood glucose [4]. 
HbA1c reflects only 60–80% of average blood glucose 
levels [5, 6], with the remaining 20–40% variation attrib-
uted to factors such as age [7], genetic variation [8], red 
blood cell longevity [9], and race [10].

In patients with DKD, the reliability of HbA1c is fur-
ther compromised due to CKD-related abnormalities 
that affect red blood cell turnover [11], such as sup-
pressed erythropoiesis or a shortened red blood cell lifes-
pan. Uremia-related changes in hemoglobin conversion 
and carbamylation also interfere with HbA1c measure-
ments [12]. These limitations suggest that HbA1c may 
not be the optimal therapeutic target or risk predictor in 
DKD patients.

The haemoglobin glycation index (HGI), proposed by 
Hempe et al. in 2002 [13], offers an alternative measure. 
HGI is calculated by applying fasting plasma glucose 
(FPG) to a linear regression equation that quantifies indi-
vidual differences in glycated hemoglobin independent of 
blood glucose levels [14, 15]. Unlike HbA1c, HGI is not 
affected by red blood cell longevity [13]. Previous stud-
ies have associated high HGI with increased risks of both 
macrovascular and microvascular complications in dia-
betics [16]. High HGI also correlates with an elevated risk 
of CKD in healthy adults [17] and worsened renal func-
tion in type 2 diabetes patients [18]. Moreover, the ben-
efits of intensive glucose-lowering therapy in diabetes are 
primarily seen in patients with low to intermediate HGI, 
while those with high HGI exhibit higher overall mortal-
ity rates [19].

Despite these findings, there is limited research on HGI 
in DKD patients. This study aims to explore the associa-
tion between HGI and all-cause and cardiovascular dis-
ease (CVD) mortality in DKD patients using National 
Health and Nutrition Examination Survey (NHANES) 
data. Our goal is to identify high-risk populations and 
provide a scientific basis for setting individualized glyce-
mic control targets in the future.

Methods
Study population
The NHANES is an ongoing program designed to assess 
the health and nutritional status of the U.S. population. 
Ethical oversight for all surveys is provided by the Eth-
ics Review Committee of the National Center for Health 
Statistics, with participants giving written informed con-
sent. The survey employs multistage, stratified sampling 
to ensure representativeness.

This study utilized data from the NHANES database, 
covering the years 1999 to 2018. Patients were selec-
tively excluded based on predefined criteria. Exclu-
sions included individuals without DKD (n = 97,651), 
those under the age of 20 (n = 28), individuals with a 
baseline cancer diagnosis (n = 596), and those lacking 
data on HbA1c (n = 1), FPG (n = 1,240), mortality status 
(n = 2), fasting weights (n = 194), or covariates (n = 283). 
Additionally, individuals treated for anemia within the 
previous three months were excluded (n = 264) due to 
potential influences on erythrocyte longevity and HbA1c 
measurements. After applying these criteria, the analysis 
included 1,057 individuals with DKD (Fig. 1).

Diagnostic criteria for diabetic kidney disease
The diagnostic criteria for DKD were established based 
on diagnostic standards for diabetes and aligned with the 
CKD guidelines set forth by the Kidney Disease Improv-
ing Global Outcomes (KDIGO) working group [20]. 
These criteria encompassed either an elevated urinary 
albumin-to-creatinine ratio (ACR) exceeding 30  mg/g 
or a reduced estimated glomerular filtration rate (eGFR) 
falling below 60 ml/min/1.73 m² [3].

For the diagnosis of diabetes, several parameters were 
considered: a clinical diagnosis of diabetes by a health-
care professional, a HbA1c level exceeding 6.5%, a fasting 
blood glucose level of ≥ 7.0 mmol/L, a random blood glu-
cose level of ≥ 11.1 mmol/L, or a random blood glucose 
level exceeding 11.1 mmol/L after a two-hour oral glu-
cose tolerance test (OGTT). Meeting any of these criteria 
confirmed the diagnosis of diabetes [21].

Calculation of haemoglobin glycation index
We employed the standardized HGI formula, developed 
by Hempe et al., a pioneering figure in HGI research 
[14]. This formula is grounded in data extracted from 
the 2005–2016 NHANES. The derivation of this for-
mula involved a cohort of 18,675 adults who were either 
untreated for diabetes or did not self-report diabetes.

The projected HbA1c value (projected HbA1c = 0.024 
FPG + 3.1) is determined by entering the FPG value into 
a regression equation describing the linear correlation 
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between FPG and HbA1c in the reference population. 
HGI is computed as the disparity between the measured 
HbA1c and the predicted HbA1c.

Outcome assessment
All-cause mortality, representing death resulting from 
any cause, was designated as the primary outcome. CVD 
mortality was delineated utilizing International Statistical 
Classification of Diseases and Related Health Problems, 
Tenth Revision (ICD-10) codes I00 to I09, I11, I13, I20 to 
I51, and I60 to I69. Mortality data, acquired through link-
age of the cohort database with the National Death Index 
up to December 31, 2019, underwent thorough analysis.

Covariates
Several covariates potentially influencing the outcomes 
were incorporated, covering age (years), sex (male and 
female), race/ethnicity (Mexican American, other His-
panic, non-Hispanic White, non-Hispanic Black, or 
other races including multi-racial), education level (< 9 
years, 9–13 years, or ≥ 13 years), household poverty-to-
income ratio (PIR), smoking status (never, current, and 
former), alcohol intake (never, moderate, and heavy), 
use of diabetes medications (other, insulin, oral medica-
tions, and unknown), diabetes duration (< 10 years, ≥ 10 

years, and unknown). Hypertension was characterized by 
systolic and diastolic blood pressure readings of at least 
140 mmHg and 90 mmHg, respectively, self-reported 
hypertension, physician-diagnosed hypertension, or the 
requirement for medication to regulate elevated blood 
pressure [22]. CVD was self-reported as a diagnosis of 
congestive heart failure, angina pectoris, myocardial 
infarction, or coronary heart disease. Cancer diagno-
ses were self-reported by a physician. Hyperlipidemia 
was delineated by triglyceride (TG) levels ≥ 150  mg/dL 
(1.7 mmol/L) or total cholesterol (TC) levels ≥ 200  mg/
dL (5.18 mmol/L), low-density lipoprotein (LDL) lev-
els ≥ 130  mg/dL (3.37 mmol/L), or, in men, high-density 
lipoprotein (HDL) levels < 40 mg/dL (1.04 mmol/L), or, in 
women, HDL levels < 50 mg/dL (1.30 mmol/L) [23]. The 
healthy eating index (HEI) score was computed in accor-
dance with HEI-2015 guidelines [24]. Physical activity 
was defined as engaging in moderate to vigorous exercise, 
fitness programs, or recreational activities for more than 
10 min per week; otherwise, participants were classified 
as inactive. The eGFR was calculated using the CKD-EPI 
2009 (Chronic Kidney Disease Epidemiology Collabora-
tion) creatinine equation.

Fig. 1  Study flowchart
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Statistical analyses
This study rigorously adhered to NHANES guidelines, 
meticulously adjusting for complex sampling designs 
and weights. Weighted averages for continuous vari-
ables and percentages for categorical ones were reported, 
ensuring accuracy and reliability. Statistical comparisons 
were conducted using appropriate methods: continu-
ous variables were analyzed using ANOVA or the Krus-
kal-Wallis test, while categorical data differences were 
assessed using the chi-square test. To assess the impact 
of HGI on both all-cause mortality and CVD mortality, 
survey-weighted Cox regression analysis was employed. 
HGI was categorized into three tertiles, with the second 
tertile serving as the reference for exploratory analysis. 
To mitigate potential confounding factors, four multi-
variate models were constructed: Model I adjusted for 
age and sex. Model II expanded adjustments to include 
race/ethnicity, education level, PIR, body mass index 
(BMI), smoking status, comorbidities (hypertension, 
CVD, hyperlipidemia), physical activity, and alcohol 
intake. Model III further included variables such as dia-
betes duration, use of diabetes medications, hemoglobin, 
eGFR, and HEI. Model IV introduced HbA1C. To explore 
the nonlinear relationship between HGI and mortality 
outcomes, restricted cubic spline analysis with 4 knots 
was conducted. The likelihood ratio test was utilized to 
assess nonlinearity, ensuring robustness in the analysis. 
Additionally, analyses were stratified by various factors 
including age (< 60 or ≥ 60 years), sex (male or female), 
race/ethnicity (Mexican American, other Hispanic, non-
Hispanic White, non-Hispanic Black, or other races 
including multi-racial), PIR (< 1, 1–3, ≥ 3), smoking status 
(never, ever, or current), BMI (< 30 or ≥ 30), HbA1c (< 7% 
or ≥ 7%), hypertension (yes or no), hyperlipidemia (yes or 
no), CVD (yes or no), GFR category (G1, G2, G3a + G3b, 
G4 + G5), use of diabetes medications (other, insulin, oral 
medications, and unknown), and diabetes duration (< 10 
years, ≥ 10 years, and unknown). Interactions between 
HGI and these factors were rigorously assessed, enhanc-
ing the depth of analysis and interpretation.

Sensitivity analyses were also conducted to ensure the 
robustness of our findings: (1) Variation in HGI calcula-
tion: The existing literature shows slight variations in the 
calculation of HGI, primarily due to differences in the 
populations used to derive the formula for predicting 
HbA1c. To address this, we developed distinct predictive 
formulas for HbA1c using both the entire cohort and a 
subset specifically focused on DKD. These formulas were 
then used to calculate HGI, validating its association 
with mortality outcomes. (2) Mitigating Reverse Causal-
ity Bias: To mitigate potential reverse causality bias, we 
excluded participants who experienced mortality within 
a 2-year follow-up period from the analysis.

Results
Study participants and baseline characteristics
The study enrolled a total of 1,057 participants, with 
a mean age of 61.61 years (standard error [SE] = 0.57), 
and 48.24% (n = 497) were females. The mean HGI level 
was 0.44 (SE 0.04). During a median follow-up period 
of 6.67 years, 381 deaths occurred, including 140 from 
CVD. Baseline characteristics across HGI tertiles—Q1 
(-5.29–0.02), Q2 (0.03–0.74), and Q3 (0.75–9.60)—are 
detailed in Table 1. Elevated HGI levels were associated 
with younger age, Mexican-American ethnicity, current 
smoking, physical activity, insulin use, longer diabetes 
duration, and higher levels of HbA1c, and FPG among 
individuals.

HGI and all-cause and CVD mortality
In model IV of the weighted multivariate Cox regres-
sion analysis, a non-linear relationship between HGI lev-
els and both all-cause and CVD mortality was observed. 
Compared with Q2 (0.03–0.74), the hazard ratios (HRs) 
for Q1 (-5.29–0.02) and Q3 (0.75–9.60) for all-cause 
mortality were 1.39 (95% CI: 1.02–1.88) and 1.48 (95% CI: 
1.05–2.08), respectively. Regarding CVD mortality, com-
pared with Q2, the HRs for Q1 and Q3 were 1.10 (95% 
CI: 0.67–1.81) and 2.06 (95% CI: 1.13–3.77), respectively 
(Table  2). Additionally, a smoothed curve fit depicted a 
U-shaped association between HGI and both all-cause 
mortality (P < 0.001 for nonlinearity) and a J-shaped asso-
ciation between HGI and CVD mortality (P = 0.044 for 
nonlinearity) (Fig. 2).

Stratified and sensitivity analyses
Stratified analysis across various demographic and clini-
cal factors, including age, sex, race/ethnicity, smoking 
status, BMI, HbA1c, hypertension, hyperlipidemia, CVD, 
GFR category, use of diabetes medications, and diabetes 
duration, revealed no evidence suggesting alterations in 
the U-shaped relationship between HGI and all-cause 
mortality (Table  3). Additionally, no significant interac-
tions were detected among any of the strata of variables.

Furthermore, after deriving the predicted HbA1c 
using a distinct population and recalculating the HGI 
(Additional file 1: Figure S1), the main findings of the 
current study were replicated, with no significant altera-
tions observed in the results (Additional file 1: Table S1). 
Moreover, our sensitivity analyses, excluding participants 
who died within 2 years of follow-up, demonstrated over-
all robustness in the results (Additional file 1: Table S2).

Discussion
In a comprehensive prospective cohort study of adults 
with DKD in the United States, we observed U- and 
J-shaped associations of HGI with all-cause mortality and 
CVD mortality, respectively. Notably, these associations 
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Haemoglobin glycation index
-5.29–0.02 0.03–0.74 0.75–9.60

Variables Total (n = 1057) Q1(n = 353) Q2 (n = 352) Q3 (n = 352) P-value
Age, years 61.61 (0.57) 62.43 (1.04) 63.47 (0.92) 58.38 (1.00) 0.001
Sex, n (%) 0.07
  Female 497 (48.24) 155 (44.64) 180 (54.96) 162 (45.18)
  Male 560 (51.76) 198 (55.36) 172 (45.04) 190 (54.82)
Race-ethnicity, n (%) < 0.001
  Mexican American 232 (10.51) 65 (8.70) 62 (7.09) 105 (16.84)
  Non-Hispanic Black 244 (14.51) 62 (9.67) 88 (14.99) 94 (20.29)
  Non-Hispanic White 405 (61.07) 172 (72.46) 145 (63.83) 88 (42.98)
  Other Hispanic 97 (6.33) 30 (4.54) 31 (6.90) 36 (8.01)
  Other Race 79 (7.58) 24 (4.63) 26 (7.19) 29 (11.89)
Poverty Income Ratio 2.49 (0.07) 2.68 (0.12) 2.47 (0.11) 2.26 (0.12) 0.06
BMI, kg/m2 32.99 (0.35) 32.78 (0.51) 32.38 (0.63) 34.00 (0.56) 0.08
Education Level, n (%) 0.25
  Low (< 9 years) 220 (12.75) 59 (9.31) 77 (13.41) 84 (16.51)
  Medium (9–13 years) 448 (43.08) 161 (44.98) 144 (41.21) 143 (42.74)
  High (≥ 13 years) 389 (44.17) 133 (45.71) 131 (45.38) 125 (40.75)
Smoking status, n (%) 0.03
  Never Smoker 512 (47.27) 158 (45.72) 171 (46.30) 183 (50.42)
  Former Smoker 369 (35.44) 145 (39.00) 126 (39.48) 98 (26.12)
  Current Smoker 176 (17.29) 50 (15.28) 55 (14.22) 71 (23.47)
Comorbidity
Hyperlipidemia, n (%) 0.43
  No 110 (9.63) 46 (11.36) 31 (8.01) 33 (9.24)
  Yes 947 (90.37) 307 (88.64) 321 (91.99) 319 (90.76)
Hypertension, n (%) 0.3
  No 206 (21.52) 55 (17.96) 69 (22.91) 82 (24.59)
  Yes 851 (78.48) 298 (82.04) 283 (77.09) 270 (75.41)
CVD 0.37
  No 727 (70.11) 248 (73.17) 230 (68.97) 249 (67.44)
  Yes 330 (29.89) 105 (26.83) 122 (31.03) 103 (32.56)
Alcohol intake, % 0.05
  None 890 (82.62) 282 (78.38) 297 (84.21) 311 (86.32)
  Moderate 47 (4.79) 8 (3.57) 22 (6.30) 17 (4.62)
  Heavy 120 (12.60) 63 (18.05) 33 (9.49) 24 (9.05)
Physical Activity, n (%) 0.04
  Inactive 594 (51.83) 193 (45.63) 213 (58.39) 188 (52.35)
  Active 463 (48.17) 160 (54.37) 139 (41.61) 164 (47.65)
GFR category, n (%) 0.14
  G1 361 (36.41) 109 (37.00) 103 (30.56) 149 (42.39)
  G2 271 (23.75) 101 (27.84) 88 (23.42) 82 (18.79)
  G3a 240 (24.23) 77 (19.60) 97 (29.77) 66 (23.88)
  G3b 123 (10.98) 36 (10.32) 47 (11.35) 40 (11.43)
  G4 48 (3.42) 24 (4.39) 13 (3.24) 11 (2.36)
  G5 14 (1.21) 6 (0.85) 4 (1.66) 4 (1.15)
Use of diabetes medications, n (%) < 0.001
  Other* 266 (27.53) 121 (34.32) 104 (32.81) 41 (12.54)
  Insulin 107 (9.75) 30 (6.91) 23 (6.13) 54 (17.65)
  Oral medications 560 (51.64) 160 (45.99) 186 (51.95) 214 (58.68)
  Unknow 124 (11.08) 42 (12.78) 39 (9.10) 43 (11.13)
Diabetes duration, n (%) < 0.001
  <10 years 349 (33.56) 103 (30.73) 124 (34.60) 122 (36.06)

Table 1  Baseline characteristics of the study participants
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were independent of HbA1c. Stratified analyses across 
various demographic and clinical factors, as well as sen-
sitivity analyses, confirmed the stability and robustness of 
our findings.

High HGI was confirmed to be an independent risk 
factor for all-cause mortality and CVD mortality in the 
diabetic population in a meta-analysis that included six 

prospective cohort studies and one nested case-control 
study [25]. The current study further confirmed the U- 
and J-shaped associations of HGI with all-cause mortality 
and CVD mortality, respectively, in a DKD population. 
Our conclusions differ from those in previous studies in 
diabetic populations in that we found that not only did 
high HGI increase the risk of all-cause mortality, but low 

Table 2  Hazard ratios for all-cause and CVD mortality among patients with diabetic kidney disease in NHANES 1999 to 2018
Hazard ratio (95% CI)

Model Q1
(-5.29–0.02)

Q2
(0.03–0.74)

Q3
(0.75–9.60)

P value for trend

All-cause mortality
Deaths/Total (n) 142/353 116/352 123/352
Non-adjusted Model 1.35 (0.97–1.88) 1.00 [Reference] 1.26 (0.90–1.77) 0.17
Model I 1.36 (1.00-1.84) 1.00 [Reference] 1.66 (1.18–2.33) 0.003
Model II 1.29 (0.95–1.75) 1.00 [Reference] 1.66 (1.18–2.34) 0.003
Model III 1.34 (0.99–1.82) 1.00 [Reference] 1.58 (1.13–2.22) 0.01
Model IV 1.39 (1.02–1.88) 1.00 [Reference] 1.48 (1.05–2.08) 0.01
CVD mortality
Deaths/Total 47/353 39/352 54/352
Non-adjusted Model 1.08 (0.67–1.74) 1.00 [Reference] 1.66 (0.94–2.95) 0.09
Model I 1.14 (0.74–1.77) 1.00 [Reference] 2.29 (1.30–4.02) 0.01
Model II 1.07 (0.66–1.74) 1.00 [Reference] 2.23 (1.23–4.05) 0.01
Model III 1.04 (0.64–1.68) 1.00 [Reference] 2.30 (1.30–4.09) 0.01
Model IV 1.10 (0.67–1.81) 1.00 [Reference] 2.06 (1.13–3.77) 0.03
Notes:

Model I: adjusted for age (continuous), sex (male or female)

Model II: adjusted for Model I plus race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, or other races including multi-racial), education 
(< 9, 9–13, ≥ 13), BMI (continuous), poverty income ratio (continuous), smoking status (never, former, current), hypertension (no, yes), CVD (no, yes), hyperlipidemia 
(no, yes), physical activity (inactive, active), alcohol intake (none, moderate, heavy)

Model III: adjusted for Model II plus diabetes duration (< 10 years, ≥ 10 years, unknow), use of diabetes medications (other, insulin, oral medications, unknow), HEI 
(continuous), eGFR (continuous), hemoglobin (continuous)

Model IV: adjusted for Model III plus HbA1c

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; HEI, healthy eating index; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin 
A1c

Haemoglobin glycation index
-5.29–0.02 0.03–0.74 0.75–9.60

Variables Total (n = 1057) Q1(n = 353) Q2 (n = 352) Q3 (n = 352) P-value
  ≥10 years 373 (33.57) 102 (26.10) 107 (31.31) 164 (45.98)
  Unknow 335 (32.86) 148 (43.17) 121 (34.09) 66 (17.96)
Mortstat, n (%) 0.24
  Alive 676 (64.95) 211 (63.74) 236 (69.16) 229 (61.66)
  Deaths 381 (35.05) 142 (36.26) 116 (30.84) 123 (38.34)
Follow-up in years 6.67 (3.33,10.67) 6.00 (2.92,10.08) 6.75 (3.67,11.17) 6.92 (3.58,11.08) 0.18
Laboratory
  Hemoglobin, (g/dL) 14.12 (0.08) 14.44 (0.14) 13.87 (0.13) 14.00 (0.15) 0.01
  HEI 50.45 (0.52) 52.04 (1.01) 49.80 (0.81) 49.12 (0.80) 0.08
  eGFR, (mL/min/1.73 m2) 75.11 (1.15) 75.03 (1.92) 71.87 (1.85) 78.96 (2.26) 0.07
  HbA1c, (%) 7.35 (0.08) 6.49 (0.09) 7.00 (0.10) 8.89 (0.14) < 0.001
  FBG, (mg/dL) 159.06 (2.72) 161.91 (4.07) 148.94 (3.92) 167.05 (5.20) 0.01
Notes: Data are represented as the weighted proportion (%) or mean ± SE.

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; GFR, glomerular filtration rate; HEI, healthy eating index; eGFR, estimated glomerular filtration 
rate; HbA1c, glycated hemoglobin A1c; FBG, fasting blood glucose.

* Indicated drugs except hypoglycemic medications.

Table 1  (continued) 
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HGI also increased the risk of all-cause mortality. Dif-
ferences in the study populations may account for the 
inconsistent findings. In the DKD population, glucose 
metabolism becomes more complex due to CKD, and 
multiple factors mediate insulin resistance, including 
decreased β-cell response to blood glucose, decreased 
renal insulin clearance, and increased hepatocellular glu-
coneogenesis [26]. Additionally, the suppression of eryth-
ropoiesis due to CKD directly affects the measurement 
of HbA1c, and the combination of these factors results 
in a mismatch between HbA1c and blood glucose (as 
quantified by HGI) that may become more pronounced 
in patients with DKD. These factors may complicate the 
association of HGI with clinical outcomes in patients 
with DKD.

In the current study, high HGI increased the risk of all-
cause mortality and CVD mortality. The possible mecha-
nism for this is that high HGI reflects long-term glucose 
fluctuations and glycation patterns [15], which are asso-
ciated with poor prognosis. The literature confirms that 
glycemic fluctuations in diabetic patients lead to more 
severe diabetic complications [27]. Hypoglycemia and 
poor postprandial glycemic control are more prevalent 
in diabetic patients with high HGI [16], and the result-
ing dysregulation of glucose homeostasis can exacerbate 
vascular endothelial dysfunction and promote athero-
sclerosis [28]. Additionally, higher HGI values are associ-
ated with higher glycation [29], which has been shown to 
cause damage to neuronal and vascular tissues and pro-
mote early atherogenesis [30]. This mechanism also cor-
roborates with previous studies in which high HGI was 
reported to be associated with coronary artery calcifica-
tion [31] and carotid atherosclerosis [32]. Moreover, in 
the current study, we found that patients with high HGI 
were younger, had a longer duration of diabetes, and had 

a higher rate of insulin use, which is consistent with find-
ings from the ACCORD Trial [19] and the ADVANCE 
trial [33]. These combined factors may suggest that 
patients with high HGI may have a type of diabetes that 
is more difficult to treat; however, these findings may not 
be applicable to explain the increased risk of all-cause 
mortality and CVD mortality in patients with DKD due 
to the fact that the association of high HGI with all-cause 
and CVD mortality remained stable and did not interact 
across diabetes duration and diabetic medication use in 
stratified analyses.

Another important finding of our study is that low HGI 
also leads to increased all-cause mortality in patients 
with DKD, but the association with CVD mortality was 
not significant. The association of low HGI with adverse 
clinical outcomes has been reported previously in the lit-
erature. In a study that also used NHANES data, it was 
reported that low HGI increased all-cause mortality in 
the prediabetic and diabetic population, but this asso-
ciation was only found in men [34]. Low HGI was also 
found to increase the risk of death at 365 days in another 
study of ICU patients with critical coronary artery dis-
ease [35], and an increased risk of all-cause mortality was 
also found in another population from China undergoing 
percutaneous coronary intervention [36]. It may increase 
the risk of all-cause mortality in patients with DKD 
through the following mechanisms. First, HGI reflects 
the disparity between laboratory-measured HbA1c and 
projected HbA1c levels. Individuals exhibiting an HGI 
notably below zero are deemed to possess measured 
HbA1c levels significantly lower than the average HbA1c 
level observed in the population at corresponding FPG 
levels. Thus, erroneous HbA1c levels may be accepted as 
evidence of good glycemic control in patients in the low 
HGI subgroup, which may lead to further exacerbation 

Fig. 2  Associations between haemoglobin glycation index with all-cause (A) and CVD mortality (B) among participants with diabetic kidney disease in 
NHANES 1999–2018. HRs were adjusted for age (continuous), sex (male or female), race (Mexican American, other Hispanic, non-Hispanic White, non-
Hispanic Black, or other races including multi-racial), education (<9, 9-13, ≥13), BMI (continuous), poverty income ratio (continuous), smoking status 
(never, former, current), hypertension (no, yes), CVD (no, yes), hyperlipidemia (no, yes), physical activity (inactive, active), alcohol intake (none, moderate, 
heavy), diabetes duration (<10 years, ≥10 years, unknow), use of diabetes medications (other, insulin, oral medications unknow), HEI (continuous), eGFR 
(continuous), hemoglobin (continuous), HbA1c (continuous)
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Subgroup Haemoglobin glycation index P for interaction
Q1 Q2 Q3
(-5.29–0.02) (0.03–0.74) (0.75–9.60)

Age 0.23
  <60 years 2.84 (1.43–5.62) Ref. 3.06 (1.25–7.51)
  ≥60 years 1.25 (0.92–1.70) Ref. 1.36 (0.92–2.02)
Sex 0.07
  Male 2.00 (1.25–3.18) Ref. 2.00 (1.24–3.24)
  Female 1.26 (0.88–1.81) Ref. 1.16 (0.69–1.92)
Race-ethnicity 0.62
  Mexican American 3.58 (1.46–8.80) Ref. 1.85 (0.86-4.00)
  Non-Hispanic Black 1.57 (0.82–3.02) Ref. 1.14 (0.65-2.00)
  Non-Hispanic White 1.22 (0.84–1.79) Ref. 1.63 (1.06–2.51)
  Other Hispanic 3.93 (1.27–12.16) Ref. 0.49 (0.08–2.96)
  Other Race 3.10 (0.19–51.56) Ref. 4.95 (0.89–27.60)
Poverty Income Ratio 0.10
  <1.0 0.96 (0.51–1.80) Ref. 0.96 (0.52–1.75)
  1.0–3.0 1.63 (1.15–2.32) Ref. 1.50 (0.93–2.40)
  ≥3.0 2.67 (1.36–5.24) Ref. 2.82 (1.28–6.23)
BMI- kg/m2

  <30 1.53 (1.04–2.25) Ref. 1.86 (1.08–3.22) 0.63
  ≥30 1.45 (0.91–2.33) Ref. 1.36 (0.92–2.01)
Smoking Status 0.33
  Never Smoker 1.58 (0.97–2.57) Ref. 1.05 (0.61–1.81)
  Former Smoker 1.44 (0.92–2.26) Ref. 1.95 (1.21–3.15)
  Current Smoker 1.04 (0.46–2.36) Ref. 2.38 (1.17–4.83)
Hypertension 0.31
  No 0.57 (0.21–1.51) Ref. 0.76 (0.36–1.61)
  Yes 1.50 (1.08–2.08) Ref. 1.59 (1.13–2.23)
Hyperlipidemia 0.95
  No 2.47 (0.81–7.51) Ref. 1.18 (0.36–3.81)
  Yes 1.38 (1.02–1.86) Ref. 1.52 (1.06–2.18)
CVD 0.70
  No 1.50 (0.96–2.34) Ref. 1.70 (1.10–2.62)
  Yes 1.35 (0.84–2.17) Ref. 1.06 (0.66–1.69)
GFR category
  G1 1.46 (0.67–3.22) Ref. 1.93 (0.92–4.03) 0.08
  G2 1.71 (0.78–3.78) Ref. 1.87 (0.91–3.83)
  G3a + G3b 0.86 (0.55–1.36) Ref. 1.29 (0.84–1.99)
  G4 + G5 1.46 (0.23–9.06) Ref. 0.28 (0.03–2.31)
Use of diabetes medications 0.18
  Other 1.10 (0.70–1.73) Ref. 2.11 (1.06–4.23)
  Insulin 6.76 (1.53–29.97) Ref. 4.77 (0.94–24.18)
  Oral medications 1.40 (0.85–2.29) Ref. 1.31 (0.87–1.98)
  Unknow 1.44 (0.32–6.38) Ref. 8.10 (1.77–37.02)
Diabetes duration 0.39
  <10 years 2.06 (1.05–4.06) Ref. 1.69 (0.91–3.15)
  ≥10 years 1.14 (0.65–2.02) Ref. 1.33 (0.81–2.17)
  Unknow 1.14 (0.70–1.85) Ref. 2.17 (1.15–4.09)
HbA1c 0.52

Table 3  Associations of haemoglobin glycation index with all-cause mortality in various subgroups among participants with diabetic 
kidney disease in NHANES 1999–2018
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of the condition in patients who would otherwise be 
required to receive glycemic therapy but who are not 
receiving effective glycemic control. Secondly, A low HGI 
(indicative of low HbA1c) might serve as an indicator of 
frequent hypoglycemia, a recognized risk factor for car-
diovascular morbidity (such as myocardial infarction, 
stroke, and sudden cardiac death) and mortality [37]. 
CKD increases the risk of hypoglycemia due to several 
factors, including impaired renal regeneration, reduced 
renal insulin clearance, compromised insulin degrada-
tion from uremia, heightened erythrocyte glucose uptake 
during hemodialysis, impaired counter-regulatory hor-
monal responses (such as cortisol and growth hormone), 
nutritional deficiencies, and fluctuations in exposure to 
oral hypoglycemic agents and exogenous insulin [38]. In 
addition, we failed to find an association between low 
HGI and CVD mortality, which may be due to a lack of 
statistical certainty because of fewer CVD events. How-
ever, the above are only our speculations, and the exact 
mechanisms of HGI associated with all-cause and CVD 
mortality still need to be further investigated.

Previous studies have debated the clinical value of HGI, 
with some suggesting that HGI is merely a surrogate for 
HbA1c. Studies have shown that the association of high 
HGI with the risk of complications in patients with type 
2 diabetes was mediated by HbA1c [39], and that HGI 
did not predict adverse CVD events and all-cause mor-
tality in patients with type 2 diabetes when HbA1c was 
included in statistical models [40]. However, Mee Kyoung 
Kim et al. found that HGI was independently associated 
with long-term CVD events in type 2 diabetic patients 
without CVD at baseline [41]. The current study con-
firmed the association of HGI with all-cause mortality 
and CVD mortality independently of HbA1c in patients 
with DKD. The reason for this discrepancy is not clear 
at this time, but we hypothesize that HGI should play a 
role independently of HbA1c because the literature con-
firms that HGI is an indicator reflecting genetic variation 
[33], which is the main cause of interpersonal differences 
in HbA1c and has also been shown to be independent 
of blood glucose concentration [13]. Meanwhile, in a 

further stratified analysis, we found that the association 
between HGI and all-cause mortality remained stable 
across HbA1c strata (< 7.0%, ≥ 7.0%), further support-
ing the independent role of HGI. It should be noted that 
there are differences in the way HGI is calculated in the 
existing literature, which may also be one of the rea-
sons for the differences in the conclusions. In the cur-
rent study, HGI was calculated using the standardized 
hemoglobin glycemic index recommended by Hempe 
et al. (the discoverers of HGI), which was extrapolated 
using FPG from adults without diabetes or pre-diabetes 
at baseline of the NHANES and HbA1c [14]. This facili-
tates the standardization of HGI. Other literature mostly 
uses the whole population recruited in the study [34] or a 
screened study population [33, 42] to calculate HGI, thus 
potentially contributing to the uncertainty of the conclu-
sions. To further validate the stability of the conclusions 
of the current study, we used different HGI calculations 
from previous studies and repeated the main study in 
sensitivity analyses, respectively, and obtained consistent 
conclusions.

The U-shaped and J-shaped relationships between 
HGI and all-cause mortality, as well as CVD mortality, 
respectively, have profound clinical implications for DKD 
patients. These findings indicate that both extremely low 
and high HGI values are associated with increased mor-
tality risks, emphasizing the critical need for clinicians to 
target an optimal HGI range rather than the lowest pos-
sible value. The risk at low HGI levels may be attributed 
to frequent hypoglycemia or malnutrition, while high 
HGI levels are indicative of poor glycemic control and a 
higher glycation burden. This highlights the necessity for 
personalized glycemic targets that consider individual 
factors influencing HGI, thereby advocating for a tailored 
approach to glycemic management in DKD patients. Our 
results underscore the potential benefits of integrating 
HGI into clinical practice for risk assessment and treat-
ment decision-making, as previous studies have shown 
that intensified glucose-lowering interventions have 
yielded diverse outcomes across HGI subgroups in type 
2 diabetes mellitus [19]. Specifically, while interventions 

Subgroup Haemoglobin glycation index P for interaction
Q1 Q2 Q3
(-5.29–0.02) (0.03–0.74) (0.75–9.60)

  <7.0% 1.15 (0.81–1.63) Ref. 1.78 (1.15–2.77)
  ≥7.0% 1.76 (0.94–3.32) Ref. 1.49 (0.86–2.56)
Notes:

Adjusted for age (continuous), sex (male or female), race (Mexican American, other Hispanic, non-Hispanic White, non-Hispanic Black, or other races including multi-
racial), education (< 9, 9–13, ≥ 13), BMI (continuous), poverty income ratio (continuous), smoking status (never, former, current), hypertension (no, yes), CVD (no, yes), 
hyperlipidemia (no, yes), physical activity (inactive, active), alcohol intake (none, moderate, heavy), diabetes duration (< 10 years, ≥ 10 years, unknow), use of diabetes 
medications (other, insulin, oral medications unknow), HEI (continuous), eGFR (continuous), hemoglobin (continuous), HbA1c (continuous); the strata variable was 
not included when stratifying by itself

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; HEI, healthy eating index; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin 
A1c

Table 3  (continued) 



Page 10 of 11Huang et al. Diabetology & Metabolic Syndrome          (2024) 16:221 

have been favorable for those with low to medium 
HGI levels, patients with high HGI have demonstrated 
increased all-cause mortality and limited CVD event 
reduction, reinforcing the importance of HGI in optimiz-
ing patient outcomes. Future research should concen-
trate on defining the optimal HGI range for DKD patients 
and creating interventions to maintain HGI within this 
range, ensuring a more personalized and effective clinical 
approach.

Several strengths characterize our study, beginning 
with the utilization of a nationally representative sample. 
This approach facilitates the extrapolation of findings to 
the broader population of the United States. In addition, 
with the comprehensive data collected in NHANES, we 
were able to control for potential confounding effects 
from a variety of demographics, socioeconomics, life-
styles, dietary factors, and medication use. Finally, we 
performed stratification and sensitivity analyses to ver-
ify the reliability of the findings. However, the current 
study has some limitations. First, given the observational 
nature of our investigation, only causal relationships can 
be proposed, and residual confounding or confounding 
by unmeasured factors cannot be completely excluded. 
Second, the predicted HbA1c used to calculate HGI 
was based on a single FPG measurement. While this is 
a common practice in previous studies, it has limitations 
in accurately calculating HGI, as the mean glucose of the 
participants may have varied from the recommended 
value. Ideally, more glucose measurements, including 
postprandial levels, should be used to calculate HGI to 
improve accuracy. Third, it is important to note that a 
significant number of patients were excluded from our 
analysis due to the lack of FPG measurements. While this 
exclusion was necessary for the calculation of HGI, it may 
have introduced some selection bias. The characteristics 
of the excluded patients might differ from those included 
in the study, potentially affecting the generalizability of 
our results. Future studies with more complete data on 
FPG measurements could help address this limitation.

Conclusion
Our study provides important insights into the associa-
tion between the HGI and mortality outcomes in patients 
with DKD. We observed significant U- and J-shaped 
associations of HGI with all-cause and CVD mortality, 
respectively, in this population, independent of tradi-
tional glycemic markers such as HbA1c.
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