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Abstract

Background—Hemoglobin A1c (HbA1c) is the standard measure to monitor long-term glucose 

control in diabetes management and is now used for diagnosis. Fructosamine and glycated 

albumin are markers of short-term glycemic control that may add complementary information to 

HbA1c. However, the performance of fructosamine and glycated albumin to identify people at risk 

of complications is unclear.

Methods—We measured glycated albumin and fructosamine in 11348 adults without diabetes 

and 958 adults with diagnosed diabetes who attended the second examination of the 

Atherosclerosis Risk in Communities (ARIC) Study in 1990–1992 (baseline). We evaluated the 

associations of fructosamine and glycated albumin with retinopathy and risk of incident chronic 

kidney disease and incident diabetes during two decades of follow-up. We compared these 

associations to those for HbA1c.

Findings—Fructosamine and glycated albumin were strongly associated with retinopathy and 

these associations were very similar to that observed for HbA1c. Fructosamine and glycated 

albumin were also significantly associated with risk of incident chronic kidney disease and 

incident diabetes. Compared to persons with no diabetes and fructosamine or glycated albumin 

levels <75th percentile, the multivariable-adjusted hazard ratios (95%CIs) for chronic kidney 

disease for persons with fructosamine and glycated albumin levels >95th percentile were 1.50 

(1.22, 1.85) and 1.48 (1.20, 1.83), respectively. The HRs for incident diabetes were 4.96 (4.36, 

5.64) for fructosamine >95th percentile and 6.17 (5.45, 6.99) for glycated albumin >95th 

percentile. Associations were attenuated but persisted after adjustment for HbA1c. Prediction of 
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incident chronic kidney disease by fructosamine (C-statistic, 0.717) and glycated albumin (C-

statistic, 0.717) were nearly as strong as by HbA1c (C-statistic, 0.726) but HbA1c outperformed 

fructosamine and glycated albumin for prediction of incident diabetes with C-statistics of 0.760, 

0.706, and 0.703, respectively.

Interpretation—Fructosamine and glycated albumin were strongly associated with diabetes and 

its microvascular complications and complemented the prognostic utility of HbA1c.

Hemoglobin A1c (HbA1c) results from the glycation of hemoglobin in erythrocytes and 

represents long-term (2–3 month) exposure to glucose in the blood. For decades, HbA1c has 

long been the primary test used to monitor glycemic control and guide treatment of diabetes 

in clinical practice. In a major change to clinical guidelines in 2010, HbA1c was 

recommended for use as a diagnostic test for diabetes (1). In addition to its central role in 

monitoring glycemic control, HbA1c is now widely adopted as the first-line test for 

screening and diagnosis of diabetes. The epidemiologic evidence supporting current 

recommendations for use of HbA1c for screening and diagnosis of diabetes comes primarily 

from studies that have characterized the relationship of HbA1c with microvascular disease, 

typically prevalent retinopathy (2–6).

Fructosamine and glycated albumin are markers of short-term (2–4 week) glycemic control 

and may add complementary information to HbA1c for the identification of persons at risk 

for the development of diabetes and its complications (7–10). Fructosamine and glycated 

albumin are not affected by erythrocyte or hemoglobin characteristics; they reflect the 

glycation of serum proteins, which have a faster turnover (~10–14 days) as compared to 

erythrocytes (~120 days).

Fructosamine is available, but is not routinely used in the U.S. The lack of evidence linking 

fructosamine to long-term outcomes has been cited as a major barrier to its use and 

interpretation (11, 12). Glycated albumin is widely used in Japan for monitoring short-term 

glycemic control in persons with diabetes, but not widely available or used most other 

countries.

The overarching objective of this study was to characterize the associations of fructosamine 

and glycated albumin with incident diabetes, retinopathy, and chronic kidney disease in the 

community-based Atherosclerosis Risk in Communities (ARIC) Study. We evaluated the 

potential prognostic value of fructosamine and glycated albumin compared to HbA1c for the 

identification of persons at high risk for diabetes and microvascular conditions.

METHODS

Study Population

The ARIC Study is a community-based prospective cohort of over 15,000 black and white 

participants sampled from four U.S. communities: Forsyth County, North Carolina (white 

and black participants), Jackson, Mississippi (black participants), suburban Minneapolis, 

Minnesota (white participants), and Washington County, Maryland (white participants). The 

first clinic examinations (visit 1) took place from 1987 to 1989, with three follow-up visits 

approximately every three years (13). A fifth visit was recently completed (2011–2013). The 
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second clinic examination (visit 2) took place from 1990 to 1992 and is the baseline for the 

present study. There were 14,348 participants who attended visit 2. Institutional review 

boards at each clinical site reviewed the study and informed consent was obtained from all 

participants.

In the present study, we excluded persons who were missing variables of interest and who 

were fasting less than eight hours. Retinal photographs were not taken at visit 2. Thus, for 

our analyses of prevalent retinopathy we only included those participants who met our 

inclusion criteria and who also attended visit 3 at which time the retinal photographs were 

taken (N=9,445). For analyses of incident chronic kidney disease, we excluded persons with 

estimated glomerular filtration rate (GFR) <60 ml/min/1.73 m2 at baseline (visit 2), for an 

analytic study sample of 12,081 persons. In analyses of incident diabetes (new cases 

occurring after visit 2), we excluded participants with a history of diabetes at baseline, for an 

analytic sample for this outcome of 10,946 persons. More detailed information regarding 

response rates and selection of the study participants from the larger ARIC cohort is 

provided in the Online Supplement (eFigure 1).

Measurement of Fructosamine and Glycated Albumin

Fructosamine (Roche Diagnostics) and glycated albumin (Asashi Kasei Lucica GA-L, 

Tokyo, Japan) were measured in 2012–2013 from stored serum specimens using a Roche 

Modular P800 system. The inter-assay coefficients of variation were 3.0% for fructosamine 

and 1.8% for glycated albumin.

Assessment of Retinopathy

Retinal photographs were taken at visit 3 (1993–1995) following a standardized protocol 

that has been previously described (14, 15). Briefly, after five minutes of dark adaptation, a 

nonmydriatic 45-degree retinal photograph centered on the optic disc and macula was taken 

of one randomly selected eye. Trained graders masked to participant information evaluated 

each of the photographs. We defined any retinopathy as a severity score ≥20 according to a 

modification of the Airlie House classification system, as used in the modified Early 

Treatment Diabetic Retinopathy Study (ETDRS) (14). Level 20 is commonly considered the 

earliest stage of diabetic retinopathy (4).

Assessment of Incident Chronic Kidney Disease

Among persons with normal kidney function at baseline (visit 2), we defined incident 

chronic kidney disease as either: 1) GFR < 60 ml/min/1.73m2 estimated using the 2009 

CKD-EPI creatinine equation and serum creatinine measured at visit 4 (1996–1998), 

accompanied by at least a 25% decrease in GFR from baseline (visit 2), or 2) a kidney 

disease hospitalization or death identified during continuous active surveillance.

Assessment of Incident Diabetes

We identified incident cases of diabetes on the basis of a self-reported diabetes diagnosis or 

use of diabetes medications during the ARIC visits and subsequent annual telephone calls 

for a maximum of approximately 20 years of follow-up. In sensitivity analyses, we used two 
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additional definitions of incident diabetes which incorporated glucose measurements from 

the two subsequent ARIC visits (16).

Other Variables

Serum glucose was measured using the hexokinase method. HbA1c was measured in stored 

whole blood samples using high-performance liquid chromatography with instruments 

standardized to the Diabetes Control and Complications Trial assay (Tosoh A1c 2.2 Plus 

Glycohemoglobin Analyzer and Tosoh G7)(17). Lipid concentrations (18), body mass index 

(19), and blood pressure (20) were measured using standard methods. Hypertension was 

defined as the mean of the second and third readings at the visit (with cutoff for systolic 

blood pressure of 140 mm Hg or higher and a cutoff for diastolic blood pressure of 90 mm 

Hg or higher) or the use of hypertension medication. Participants reported their education 

level, alcohol use, and smoking status. The level of physical activity was assessed with 

Baecke’s questionnaire at visit 1 (21).

Statistical Analyses

Baseline characteristics of the study population were calculated overall and by categories of 

glycated albumin and fructosamine at baseline. Because there are no established clinical cut-

points for fructosamine or glycated albumin, we divided persons without diabetes into three 

categories defined by the <75th, 75th to 95th, and >95th percentiles. These cut-points were 

used to approximate the clinical (diagnostic) HbA1c categories of <5.7, 5.7–6.4% and 

≥6.5% (22). In persons with diagnosed diabetes at baseline, we categorized the fructosamine 

and glycated albumin by the <33rd, 33rd to 67th, and >67th percentiles, roughly equivalent 

to HbA1c categories of <7.0%, 7.0 to 9.0% and >9.0%. In the ARIC population, HbA1c 

values of 5.7% and 6.5% reflect the 75th and 96th percentiles of the distribution in persons 

without a diagnosis of diabetes and HbA1c values of 7.0% and 9.0% represent the 37th and 

69th percentiles of the distribution of HbA1c in persons with diagnosed diabetes. For 

comparison, we also conducted all analyses using diabetes-specific quartiles of 

fructosamine, glycated albumin, and HbA1c.

Adjusted odds ratios (ORs) and their corresponding 95% confidence intervals (CIs) for 

retinopathy were estimated using multivariable logistic regression models. Model accuracy 

was assessed with area under the receiver operating characteristic curve (AUC). For 

consistency with landmark studies of the cross-sectional association of measures of 

hyperglycemia and prevalent retinopathy (2, 5, 23, 24), we also compared the crude 

prevalence of retinopathy across deciles of fasting glucose, HbA1c, glycated albumin and 

fructosamine. For analyses of incident chronic kidney disease and diabetes, adjusted hazard 

ratios (HRs) and their corresponding 95% CIs were estimated using Cox proportional 

hazards models. We verified that the proportional hazards assumption was met using log-log 

plots and by testing for risk factor-by-time interactions. Model discrimination was assessed 

using Harrell’s C-statistic (25). To evaluate the overall improvement in risk classification for 

the addition of fructosamine or glycated albumin to adjusted models (including models with 

HbA1c or fasting glucose), we calculated the net-reclassification improvement (NRI) 

statistic and the integrated-discrimination-improvement (IDI) statistic (26). To characterize 
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the shape and assess the continuous associations of glycated albumin and fructosamine with 

each of the clinical outcomes, we fit restricted cubic splines (27).

We constructed three models for each of the outcomes. Model 1 was adjusted for age, sex, 

race-center (five categories: Minnesota, Maryland, Mississippi, North Carolina white 

participants, and North Carolina black participants), body mass index, and body mass index 

squared (to account for the non-linearity in the associations of this variable with the clinical 

outcomes). Model 2 was adjusted for all variables in Model 1 plus LDL-cholesterol, HDL-

cholesterol, triglycerides, waist-to-hip ratio, systolic blood pressure, blood pressure lowering 

medication use, family history of diabetes, education level, alcohol use, smoking status, and 

physical activity level. Model 3 was adjusted for all variables in Model 2 plus HbA1c. 

Model 4 was adjusted for all variables in Model 2 plus fasting glucose. All analyses were 

conducted using Stata/SE version 13.0 (StataCorp, College Station, Texas).

Role of the Funding Source

The funding source played no role in the design of the study, data collection, analysis, 

interpretation of data, writing of the report nor in the decision to submit the paper for 

publication. The corresponding author had full access to all of the data and the final 

responsibility to submit for publication.

RESULTS

Baseline characteristics of the study population, both overall and according to categories of 

fructosamine and glycated albumin in persons with and without diagnosed diabetes, are 

shown in Table 1. Patterns of association with baseline study population characteristics were 

similar for fructosamine and glycated albumin. Participants with elevated fructosamine or 

glycated albumin were more likely to be black than white, to have had fewer years of 

education, and to have hypertension. Body mass index and obesity prevalence were higher at 

both high and low categories of baseline fructosamine and glycated albumin in persons with 

and without diagnosed diabetes. The associations with HDL-cholesterol and triglycerides 

were also non-monotonic. Baseline characteristics of the study population and the risk 

associations are also shown according to baseline quartiles of glycated albumin and 

fructosamine (Online Supplement, eTables 1–3). Inferences from these results were similar. 

Furthermore, in the total population, HbA1c was highly correlated with fructosamine 

(r=0.82) and glycated albumin (r=0.86). High correlations were also observed for fasting 

glucose with fructosamine (r=0.81) and glycated albumin (r=0.83) (Online Supplement, 

eFigure 2).

In the 9,445 persons with valid retinal photographs there were 332 persons with retinopathy 

(ETDRS level 20 or higher). In our multivariable models, fructosamine and glycated 

albumin were strongly associated with prevalent retinopathy, with ORs >20.0 at high values 

of each glycemic marker among persons with diagnosed diabetes (Table 2). The patterns of 

association of fructosamine and glycated albumin with retinopathy were very similar to 

those observed for baseline HbA1c (Table 2 and eFigure 3). Further adjustment for HbA1c 

(Model 3) or fasting glucose (Model 4) attenuated, but did not eliminate the observed 

associations of fructosamine or glycated albumin with retinopathy. Baseline deciles of 
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fructosamine, glycated albumin, and HbA1c were also associated with prevalent retinopathy 

in a similar manner (eFigure 4).

In the 12,081 participants with normal kidney function at baseline, there were 1534 incident 

cases of chronic kidney disease during a median of 18.7 years of follow-up. Baseline 

categories of both fructosamine and glycated albumin were associated with a significantly 

increased risk of chronic kidney disease (Table 3). Indeed, persons without a history of 

diagnosed diabetes but with fructosamine or glycated albumin values above the 95th 

percentile (fructosamine of 264 umol/L and glycated albumin of 15.2%) had elevated risks 

of developing chronic kidney disease, even after multivariable adjustment (Model 2): HR 

1.50 (95% CI, 1.22, 1.85) for fructosamine and HR 1.48 (95%CI 1.20, 1.83) for glycated 

albumin compared to persons without diabetes and fructosamine and glycated albumin 

values <75th percentile. Among persons with diagnosed diabetes, the associations were 

graded and remained statistically significant even after further adjustment for HbA1c 

(Model 3) or fasting glucose (Model 4). In general, the associations of fructosamine and 

glycated albumin with chronic kidney disease were similar to those observed for HbA1c 

(Figure 1, Panels A-C).

In the 10,946 participants with no history of diagnosed diabetes at baseline, there were 2882 

incident cases of diagnosed diabetes during a median of 17.7 years of follow-up. Baseline 

categories of fructosamine and glycated albumin were strongly associated with subsequent 

risk of diabetes, even after multivariable adjustment (Table 3, Model 2). These associations 

remained significant, even after further adjustment for HbA1c (Model 3) or fasting glucose 

(Model 4). For example, among persons with fructosamine values above the 95th percentile 

(>264 umol/L), there was a significant association with incident diabetes, even after 

adjustment for HbA1c at baseline (HR 2.61, 95%CI 2.24, 3.04; Model 3). Among persons 

with glycated albumin values above the 95th percentile (>15.2%), there was a similarly 

robust and significant association with diabetes risk, even after adjustment for baseline 

HbA1c (HR 3.27, 95%CI 2.82, 3.79; Model 3). Nonetheless, the relative associations of 

HbA1c with incident diabetes were stronger than those observed for fructosamine or 

glycated albumin (Figure 1, D–F). Results were similar in sensitivity analyses using 

different definitions of incident diabetes (Online Supplement, eTable 4).

The AUC and C-statistics for model discrimination are provided in Table 4. The overall 

performances of HbA1c (0.789), fructosamine (0.796), and glycated albumin (0.793) for 

prediction of prevalent retinopathy were excellent and similar across the different 

biomarkers. Prediction of incident chronic kidney disease by fructosamine (0.717) and 

glycated albumin (0.717) were nearly as strong as by HbA1c (0.726) but, as might be 

expected, HbA1c outperformed fructosamine and glycated albumin for prediction of 

incident diabetes with C-statistics of 0.760, 0.706, and 0.703, respectively. The NRI and IDI 

statistics were largely consistent with the AUC and C-statistic results (eTable 5). The NRI 

results further show that improvements seen by the addition of fructosamine or glycated 

albumin to the models were primarily driven by the correct reclassification of non-events 

(downward reclassification).
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CONCLUSIONS

Our study demonstrated that fructosamine and glycated albumin were independently 

associated with prevalent retinopathy and the risk of incident chronic kidney disease and 

diabetes. These associations persisted after adjustment for traditional risk factors and added 

information after further adjustment for HbA1c or fasting glucose. Our findings suggest that 

fructosamine and glycated albumin have prognostic utility for the prediction of diabetes, 

chronic kidney disease, and retinopathy in the community. In general, the associations of 

glycated albumin and fructosamine with retinopathy and chronic kidney disease were similar 

to those observed for HbA1c in this study population. These results suggest that these 

nontraditional markers of hyperglycemia might be useful in clinical practice.

The limitations of HbA1c are widely acknowledged (28) and include its cost, assay 

interferences such as hemoglobin variants (29), other conditions that affect the validity of 

test results (e.g. hemolytic anemia, recent transfusion, pregnancy, or blood loss), and that it 

does not change rapidly in response to changes in treatment (2–3 month measure of 

glycemic control). The acceptance of new measures of hyperglycemia is dependent on 

establishing their association with clinical events and prognostic value (30), especially 

relative to standard biomarkers used to identify persons at risk for diabetes and its 

complications. Our results suggest that fructosamine and/or glycated albumin testing may 

add complementary information to HbA1c and may be particularly useful in settings where 

HbA1c testing is problematic or in research settings where whole blood samples are not 

available. Fructosamine and glycated albumin may also be useful as adjuncts to standard 

measures and in situations where short-term (2–4 week) glycemic control is specifically of 

interest. For example, short-term measures may be important in evaluating the effects of 

diabetes treatment or changes to a treatment regime shortly after implementation or in 

resource-intensive trials (such as feeding studies) that are only able to follow participants for 

a few weeks. Because HbA1c has been shown to underestimate glycemic control in dialysis 

patients, fructosamine and glycated albumin have been of particular interest and have been 

shown to be associated with mortality and other important outcomes in this patient 

population (31, 32). Nonetheless, future studies including randomized clinical trials will be 

needed to evaluate whether fructosamine or glycated albumin testing in the management of 

diabetes can improve clinical outcomes.

Fructosamine is formed by the covalent attachment of glucose to serum proteins, primarily 

albumin. In the present study, we also specifically assayed glycated albumin using a novel 

enzymatic method (33). Both assays are rapid and not technically challenging. Nonetheless, 

despite its availability from most major clinical laboratories, fructosamine testing is not 

widely used in research or clinical practice. The limited adoption of fructosamine may 

reflect the lack of evidence regarding its associations with long-term outcomes and perhaps, 

also, that earlier generations of fructosamine assays demonstrated poor laboratory 

performance (34). The glycated albumin and fructosamine assays examined here 

demonstrated excellent laboratory performance with method CVs of 3% or less, similar to or 

lower than many other commonly used clinical tests (35). The fructosamine and glycated 

albumin assays also have their own limitations. Alterations in serum protein turnover will 

affect the values of these assays and it remains unclear whether fructosamine should be 
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corrected for total serum protein concentration. Conditions that may affect the interpretation 

of fructosamine and glycated albumin values include liver disease, hyperuricemia, acute 

illness or infection, and thyroid dysfunction (36).

Important limitations of our study include the reliance on single measurements of 

fructosamine and glycated albumin at baseline, a limited number of fasting glucose and 

serum creatinine measurements during the follow-up period, that retinal photographs were 

taken in one eye only (4), and that the retinal exam was conducted at visit 3 and that 

measurements of fructosamine, glycated albumin, HbA1c, were only available at visit 2 (3 

years earlier). The reliance on self-report to identify diabetes cases is also a limitation; but 

self-reported diabetes in the ARIC Study has been shown to be highly reliable and specific 

(37). The consistency of our results across different cases definitions of diabetes including 

those incorporating glucose measures is reassuring. Strengths of this study include the large, 

community-based sample, the availability of both HbA1c and fasting glucose measurements 

for comparison to fructosamine and glycated albumin, the rigorous measurement of potential 

confounding variables, and the long-term prospective follow-up of participants with high 

retention (>90% contact rate).

In conclusion, these results suggest the complementary nature of fructosamine and glycated 

albumin to HbA1c for risk stratification for diabetes and its microvascular complications in 

a community-based population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Panel. Research in context

Review

Non-traditional biomarkers of short-term (2–4 week) hyperglycemia such as 

fructosamine and glycated albumin are of increasing clinical interest as adjuncts to 

hemoglobin A1c (HbA1c) or as alternatives when HbA1c is unreliable or unavailable. 

However, the prognostic value of these short-term markers is largely uncharacterized. 

There are scant data linking modern fructosamine and glycated albumin assays to long-

term outcomes, particularly in the general population. There is evidence from studies of 

dialysis populations that fructosamine and glycated albumin are associated with mortality 

and other important clinical outcomes (31, 38) and may perform similarly or better than 

HbA1c in this patient population (32). Furthermore, a recent study in persons with type 1 

diabetes reported that HbA1c and glycated albumin had similar associations with 

retinopathy and kidney disease (39). We have previously shown in small studies that 

glycated albumin and fructosamine are cross-sectionally associated with prevalent 

microvascular conditions (8) and prospectively associated with incident diabetes (9). We 

undertook this study to evaluate the performance of fructosamine and glycated albumin 

to identify people at risk for clinical complications in the general population.

Interpretation

In a community-based population of over 10,000 persons with 20 years of follow-up, we 

found that fructosamine and glycated albumin were independently associated with 

prevalent retinopathy and risk of incident chronic kidney disease and incident diabetes. 

The associations of fructosamine and glycated albumin with retinopathy and incident 

chronic kidney disease were similar to those observed for HbA1c. Fructosamine and 

glycated albumin were also useful for identifying people at risk for diabetes, but these 

associations were more modest compared to that for HbA1c. Our study suggests that 

fructosamine and glycated albumin might be useful complements to HbA1c in clinical 

practice, particularly in situations where HbA1c testing is problematic or unavailable.
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Figure 1. Adjusted Hazard Ratios (95% Confidence Intervals) for baseline Fructosamine, 
Glycated Albumin, and Hemoglobin A1c with incident Chronic Kidney Disease and Incident 
Diabetes
Legend: Adjusted hazard ratios are from Cox proportional hazards models with adjustment 

for age (years), race-center, sex (male, female), body mass index (kg/m2), (body mass 

index)2. Baseline fructosamine, glycated albumin, and hemoglobin A1c were modeled using 

restricted cubic splines (solid lines) with knots at the 5th, 35th, 65th, and 95th percentiles. All 

models are centered at the 50th percentile (fructosamine: 228 umol/L, glycated albumin: 

12.7%, hemoglobin A1c: 5.4%). The shaded areas are the confidence intervals for the 

restricted cubic spline models. Models are truncated at the 5th and 95th percentile of each 

marker, histograms are truncated at the 1st and 99th percentile. For incident chronic kidney 

disease, baseline study population was limited to persons with normal kidney function 

(estimated glomerular filtration rate ≥60 ml/min/1.73 m2), N=11,932. For incident diabetes, 

baseline study population was limited to persons without a history of diabetes, N=10,946.
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Table 1

Study Population Characteristics by Categories of Fructosamine and Glycated Albumin at Baseline in Persons 

without Diabetes (<75th, 75–95th, >95th percentiles) and in Persons with a History of Diabetes (<33rd, 33rd–

67th, >67th percentiles), N=12,306

No Diagnosed Diabetes Diagnosed Diabetes

Fructosamine Total < 75th percentile 75th – 
95th 

percentile

> 95th percentile < 33rd percentile 33rd – 
67th 

percentile

> 67th percentile

Range, [min, max] [89, 706] [89, 240] [241, 264] [265, 594] [159, 265] [266, 355] [356, 706]

Fructosamine, umol/L 237 219 249 295 236 305 445

Glycated albumin, % 13.4 12.3 13.7 16.7 13.6 18.9 30.0

Hemoglobin A1c, % 5.7 5.4 5.6 6.6 6.2 7.7 10.5

Fasting glucose, mg/dL 112 102 107 139 126 179 269

Age, years 56.9 56.5 57.5 57.8 58.0 58.8 58.1

Female, % 56.7 56.5 56.9 57.2 60.8 49.5 60.6

Black, % 23.1 17.4 31.3 48.1 29.1 40.1 51.4

LDL Cholesterol, mg/dL 134 132 135 142 130 136 145

HDL Cholesterol, mg/dL 50.0 49.8 53.4 49.3 45.1 42.0 44.7

Triglycerides, mg/dL 129 128 119 139 153 163 163

Body mass index, kg/m2 27.9 27.9 26.6 28.4 30.7 31.3 30.4

Obese, % 28.5 27.8 20.1 36.2 46.8 54.4 51.4

Hypertension, % 34.9 30.7 35.8 54.5 51.4 63.8 60.4

Family history of 
diabetes, %

24.2 22.0 23.7 29.5 40.5 42.8 43.2

Education, %

 Less than high school 20.7 18.6 21.1 27.9 32.0 37.0 34.3

 High school or 
equivalent

42.0 43.0 40.4 36.8 39.2 37.0 42.5

 College or above 37.3 38.4 38.5 35.3 28.8 26.0 23.2

Current alcohol use, % 57.1 62.1 50.6 43.9 45.6 31.2 29.5

Current smoking status, 
%

21.7 24.7 12.4 16.2 26.9 19.3 13.3

Physical activity index 2.4 2.5 2.5 2.4 2.3 2.3 2.2

No Diagnosed Diabetes Diagnosed Diabetes

Glycated Albumin Total
< 75th percentile 75th – 95th 

percentile > 95th percentile < 33rd percentile 33rd – 67th 

percentile > 67th percentile

Range, [min, max] [5.6, 51.5] [5.6, 13.5] [13.6, 15.2] [15.3, 42.4] [7.9, 15.6] [15.7, 23.0] [23.1, 51.5]

Fructosamine, umol/L 237 222 242 281 238 306 441

Glycated albumin, % 13.4 12.2 14.1 17.6 13.3 18.9 30.3

Hemoglobin A1c, % 5.7 5.4 5.6 6.7 6.1 7.7 10.5

Fasting glucose, mg/dL 112 102 106 141 124 180 269

Age, years 56.9 56.5 57.5 58.0 58.0 58.7 58.1

Female, % 56.7 54.8 62.5 60.9 58.5 51.2 61.1

Black, % 23.1 16.0 35.6 51.3 27.2 38.7 54.7
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No Diagnosed Diabetes Diagnosed Diabetes

Glycated Albumin Total
< 75th percentile 75th – 95th 

percentile > 95th percentile < 33rd percentile 33rd – 67th 

percentile > 67th percentile

LDL Cholesterol, mg/dL 134 134 131 135 132 134 145

HDL Cholesterol, mg/dL 50.0 49.5 54.2 50.7 44.5 42.3 45.0

Triglycerides, mg/dL 129 131 110 129 153 166 159

Body mass index, kg/m2 27.9 27.9 26.7 29.0 30.4 31.3 30.6

Obese, % 28.5 27.3 21.3 38.2 44.0 56.1 52.5

Hypertension, % 34.9 31.7 33.5 47.6 50.0 65.6 59.9

Family history of 
diabetes, %

24.2 21.5 25.5 28.3 39.9 44.2 42.4

Education, %

 Less than high school 20.7 18.2 22.8 26.4 31.6 36.5 35.1

 High school or 
equivalent

42.0 43.4 39.0 36.1 39.2 37.4 42.1

 College or above 37.3 38.3 38.2 37.5 29.1 26.1 22.8

Current alcohol use, % 57.1 62.4 50.3 40.7 44.0 33.4 28.8

Current smoking status, 
%

21.7 23.9 15.2 17.5 27.2 18.1 14.2

Physical activity index 2.4 2.5 2.5 2.3 2.3 2.3 2.2

To convert glucose to mmol/L, multiply by 0.0555.

To convert HDL- and LDL-cholesterol to mmol/L, multiply by 0.0259.
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Table 2

Associations of Baseline Categories* of Fructosamine and Glycated Albumin with Prevalent Retinopathy 

(ETDRS Level 20 or Higher) in Persons without Diabetes and in Persons with a History of Diabetes, 

N=9,445†

Model 1
OR (95% CI)

Model 2
OR (95% CI)

Model 3
OR (95% CI)

Model 4
OR (95% CI)

Fructosamine, umol/L

 No Diabetes

  < 241 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

  241 – 264 1.30 (0.90, 1.87) 1.32 (0.91, 1.91) 1.25 (0.86, 1.81) 1.27 (0.87, 1.83)

  > 264 2.00 (1.18, 3.39) 1.84 (1.08, 3.14) 1.40 (0.78, 2.49) 1.51 (0.86, 2.66)

 History of Diabetes

  < 266 1.42 (0.65, 3.10) 1.31 (0.60, 2.88) 1.17 (0.53, 2.58) 1.20 (0.54, 2.65)

  266 – 355 13.27 (9.15, 19.23) 11.51 (7.82, 16.96) 7.51 (4.63, 12.18) 8.32 (5.20, 13.31)

  > 355 46.64 (32.58, 66.76) 41.77 (28.41, 61.41) 16.70 (8.17, 34.13) 20.52 (10.37, 40.63)

 Overall p-for-trend < 0.0001 < 0.0001 < 0.0001 < 0.0001

Glycated albumin, %

 No Diabetes

  < 13.6 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

  13.6 – 15.2 1.06 (0.72, 1.55) 1.11 (0.75, 1.63) 1.04 (0.71, 1.54) 1.07 (0.73, 1.58)

  > 15.2 1.73 (1.01, 2.99) 1.67 (0.96, 2.88) 1.24 (0.68, 2.26) 1.36 (0.76, 2.43)

 History of Diabetes

  < 15.7 0.93 (0.37, 2.31) 0.86 (0.34, 2.14) 0.76 (0.30, 1.91) 0.79 (0.31, 1.97)

  15.7 – 23.0 14.03 (9.72, 20.25) 12.54 (8.54, 18.41) 8.19 (5.01, 13.38) 9.03 (5.63, 14.47)

  > 23.0 43.33 (30.26, 62.03) 38.64 (26.33, 56.72) 15.42 (7.26, 32.71) 19.22 (9.66, 38.24)

 Overall p-for-trend < 0.0001 < 0.0001 < 0.0001 < 0.0001

Hemoglobin A1c, %

 No Diabetes

  < 5.7 1.00 (reference) 1.00 (reference) – 1.00 (reference)

  5.7 – 6.4 1.29 (0.89, 1.86) 1.16 (0.80, 1.69) – 1.10 (0.76, 1.60)

  > 6.4 1.58 (0.86, 2.91) 1.32 (0.71, 2.46) – 0.89 (0.46, 1.73)

 History of Diabetes

  < 7.0 1.70 (0.84, 3.41) 1.48 (0.73, 3.00) – 1.20 (0.59, 2.47)

  7.0 – 8.9 17.76 (12.17, 25.93) 15.48 (10.33, 23.19) – 8.65 (5.23, 14.31)

  > 8.9 39.61 (27.37, 57.32) 33.83 (22.70, 50.41) – 10.76 (5.39, 21.48)

 Overall p-for-trend < 0.0001 < 0.0001 – < 0.0001

*
Fructosamine and glycated albumin were divided into categories defined by the <75th, 75–95th, >95th percentiles in persons without diabetes and 

by the <33rd, 33rd–67th, >67th percentiles in persons with a history of diabetes. The overall p-for-trend was obtained by modeling the category 
median (for all six categories) as a continuous variable.

†
Baseline study population limited to persons with valid retinal photographs.

Model 1: age (years), race-center, sex (male, female), body mass index (kg/m2), (body mass index)2
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Model 2: Variables in Model 1 + LDL-cholesterol (mg/dL), HDL-cholesterol (mg/dL), triglycerides (mg/dL), waist-to-hip ratio, systolic blood 
pressure (mmHg), blood pressure-lowering medication use (yes, no), family history of diabetes (yes, no), education (less than high school, high 
school or equivalent, more than high school), drinking status (current, former, never), smoking status (current, former, never), physical activity 
index

Model 3: Variables in Model 2 + hemoglobin A1c (%)

Model 4: Variables in Model 2 + fasting glucose (mg/dL)

Abbreviations: AUC, area under curve; CI, confidence interval; OR, odds ratio.
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Table 3

Adjusted Hazard Ratios (95% Confidence Intervals) of Baseline Categories* of Fructosamine and Glycated 

Albumin with Incident Chronic Kidney Disease† and Incident Diabetes‡

Model 1
HR (95% CI)

Model 2
HR (95% CI)

Model 3
HR (95% CI)

Model 4
HR (95% CI)

Incident Chronic Kidney Disease

Fructosamine, umol/L

 No Diabetes

  < 241 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

  241 – 264 0.94 (0.81, 1.09) 0.98 (0.85, 1.14) 0.95 (0.82, 1.10) 0.98 (0.85, 1.14)

  > 264 1.73 (1.41, 2.13) 1.50 (1.22, 1.85) 1.22 (0.97, 1.53) 1.47 (1.17, 1.83)

 History of Diabetes

  < 266 1.85 (1.43, 2.39) 1.54 (1.18, 2.00) 1.40 (1.08, 1.82) 1.52 (1.17, 1.98)

  266 – 355 2.89 (2.35, 3.56) 2.40 (1.94, 2.97) 1.74 (1.36, 2.23) 2.30 (1.79, 2.96)

  > 355 5.73 (4.75, 6.93) 4.89 (4.02, 5.94) 2.33 (1.64, 3.32) 4.45 (3.09, 6.41)

 Overall p-for-trend < 0.0001 < 0.0001 < 0.0001 < 0.0001

Glycated albumin, %

 No Diabetes

  < 13.6 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

  13.6 – 15.2 0.92 (0.79, 1.06) 1.01 (0.87, 1.17) 0.96 (0.83, 1.12) 1.01 (0.87, 1.17)

  > 15.2 1.54 (1.25, 1.90) 1.48 (1.20, 1.83) 1.20 (0.95, 1.52) 1.49 (1.19, 1.86)

 History of Diabetes

  < 15.7 1.74 (1.35, 2.26) 1.48 (1.14, 1.92) 1.36 (1.04, 1.77) 1.48 (1.13, 1.92)

  15.7 – 23.0 2.88 (2.33, 3.56) 2.40 (1.93, 2.97) 1.77 (1.37, 2.29) 2.40 (1.86, 3.11)

  > 23.0 5.82 (4.82, 7.02) 5.12 (4.22, 6.23) 2.59 (1.79, 3.75) 5.16 (3.58, 7.44)

 Overall p-for-trend < 0.0001 < 0.0001 < 0.0001 < 0.0001

Hemoglobin A1c, %

 No Diabetes

  < 5.7 1.00 (reference) 1.00 (reference) – 1.00 (reference)

  5.7 – 6.4 1.63 (1.42, 1.86) 1.37 (1.19, 1.56) – 1.36 (1.19, 1.56)

  > 6.4 2.05 (1.64, 2.57) 1.65 (1.31, 2.08) – 1.63 (1.27, 2.09)

 History of Diabetes

  < 7.0 2.07 (1.62, 2.66) 1.65 (1.28, 2.12) – 1.64 (1.27, 2.11)

  7.0 – 8.9 3.99 (3.21, 4.96) 3.15 (2.52, 3.94) – 3.08 (2.35, 4.04)

  > 8.9 6.92 (5.69, 8.42) 5.42 (4.42, 6.64) – 5.18 (3.56, 7.54)

 Overall p-for-trend < 0.0001 < 0.0001 – < 0.0001

Incident Diagnosed Diabetes

Fructosamine, umol/L

  < 241 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

  241 – 264 1.81 (1.65, 1.98) 1.97 (1.80, 2.16) 1.78 (1.62, 1.95) 1.74 (1.59, 1.91)

  > 264 5.21 (4.59, 5.92) 4.96 (4.36, 5.64) 2.61 (2.24, 3.04) 2.26 (1.91, 2.67)
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Model 1
HR (95% CI)

Model 2
HR (95% CI)

Model 3
HR (95% CI)

Model 4
HR (95% CI)

 p-for-trend < 0.0001 < 0.0001 < 0.0001 < 0.0001

Glycated albumin, %

  < 13.6 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference)

  13.6 – 15.2 1.69 (1.54, 1.86) 1.92 (1.74, 2.11) 1.66 (1.51, 1.83) 1.73 (1.57, 1.90)

  > 15.2 5.59 (4.94, 6.33) 6.17 (5.45, 6.99) 3.27 (2.82, 3.79) 2.97 (2.53, 3.48)

 Overall p-for-trend < 0.0001 < 0.0001 < 0.0001 < 0.0001

Hemoglobin A1c, %

  < 5.7 1.00 (reference) 1.00 (reference) – 1.00 (reference)

  5.7 – 6.4 3.47 (3.18, 3.79) 3.07 (2.81, 3.35) – 2.81 (2.57, 3.07)

  > 6.4 18.30 (16.09, 20.82) 15.00 (13.16, 17.10) – 8.53 (7.32, 9.95)

 Overall p-for-trend < 0.0001 < 0.0001 – < 0.0001

*
Fructosamine and glycated albumin were divided into categories defined by the <75th, 75–95th, >95th percentiles in persons without diabetes and 

by the <33rd, 33rd–67th, >67th percentiles in persons with a history of diabetes. The overall p-for-trend was obtained by modeling the category 
median (for all six categories) as a continuous variable.

†
Baseline study population was limited to persons with normal kidney function (estimated glomerular filtration rate ≥60 ml/min/1.73 m2), 

N=12,081.

‡
Baseline study population was limited to persons without a history of diabetes, N=10,946.

Model 1: age (years), race-center, sex (male, female), body mass index (kg/m2), (body mass index)2

Model 2: Variables in Model 1 + LDL-cholesterol (mg/dL), HDL-cholesterol (mg/dL), triglycerides (mg/dL), waist-to-hip ratio, systolic blood 
pressure (mmHg), blood pressure-lowering medication use (yes, no), family history of diabetes (yes, no), education (less than high school, high 
school or equivalent, more than high school), drinking status (current, former, never), smoking status (current, former, never), physical activity 
index

Model 3: Variables in Model 2 + hemoglobin A1c (%)

Model 4: Variables in Model 2 + fasting glucose (mg/dL)

Abbreviations: CI, confidence interval; HR, hazard ratio
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Table 4

Prediction Statistics and Differences Between Models

Prevalent Retinopathy AUC Difference in AUC 
from reference 

model

p-value for difference Difference in AUC 
from model with 

HbA1c

p-value for difference

 Model 1 0.6947 (ref) – – –

 Model 1 + HbA1c 0.7885 0.0948 < 0.0001 (ref) –

 Model 1 + FA 0.7958 0.1021 < 0.0001 – –

 Model 1 + GA 0.7931 0.0994 < 0.0001 – –

 Model 1 + HbA1c + FA 0.7959 0.1022 < 0.0001 0.0074 0.1755

 Model 1 + HbA1c + GA 0.7938 0.1001 < 0.0001 0.0053 0.3491

 Model 1 + HbA1c + FA + GA 0.7953 0.1016 < 0.0001 0.0068 0.2439

 Model 2 0.7435 (ref) – – –

 Model 2 + HbA1c 0.8048 0.0641 < 0.0001 (ref) –

 Model 2 + FA 0.8121 0.0714 < 0.0001 – –

 Model 2 + GA 0.8105 0.0698 < 0.0001 – –

 Model 2 + HbA1c + FA 0.8116 0.0709 < 0.0001 0.0068 0.1158

 Model 2 + HbA1c + GA 0.8108 0.0701 < 0.0001 0.006 0.2041

 Model 2 + HbA1c + FA + GA 0.8118 0.0711 < 0.0001 0.007 0.1476

Incident Chronic Kidney Disease C-statistic Difference in C-
statistic from 

reference model

p-value for difference Difference in C-
statistic from 
model with 

HbA1c

p-value for difference

 Model 1 0.6937 (ref) – – –

 Model 1 + HbA1c 0.7261 0.0324 < 0.001 (ref) –

 Model 1 + FA 0.7172 0.0235 < 0.001 – –

 Model 1 + GA 0.7165 0.0228 < 0.001 – –

 Model 1 + HbA1c + FA 0.7284 0.0347 < 0.001 0.0022 0.0504

 Model 1 + HbA1c + GA 0.729 0.0353 < 0.001 0.0029 0.0098

 Model 1 + HbA1c + FA + GA 0.73 0.0363 < 0.001 0.0039 0.0057

 Model 2 0.7407 (ref) – – –

 Model 2 + HbA1c 0.7575 0.0168 < 0.001 (ref) –

 Model 2 + FA 0.7559 0.0152 < 0.001 – –

 Model 2 + GA 0.755 0.0143 < 0.001 – –

 Model 2 + HbA1c + FA 0.7589 0.0182 < 0.001 0.0014 0.0617

 Model 2 + HbA1c + GA 0.7581 0.0174 < 0.001 0.0006 0.1428

 Model 2 + HbA1c + FA + GA 0.7589 0.0182 < 0.001 0.0014 0.0791

Incident Diabetes

 Model 1 0.6751 (ref) – – –

 Model 1 + HbA1c 0.7589 0.0838 < 0.0001 (ref) –

 Model 1 + FA 0.7064 0.0313 < 0.0001 – –

 Model 1 + GA 0.703 0.0279 < 0.0001 – –

 Model 1 + HbA1c + FA 0.7616 0.0865 < 0.0001 0.0027 0.0216

 Model 1 + HbA1c + GA 0.7589 0.0838 < 0.0001 0.0000 0.9939
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Incident Chronic Kidney Disease C-statistic Difference in C-
statistic from 

reference model

p-value for difference Difference in C-
statistic from 
model with 

HbA1c

p-value for difference

 Model 1 + HbA1c + FA + GA 0.7613 0.0862 < 0.0001 0.0024 0.0406

 Model 2 0.7231 (ref) – – –

 Model 2 + HbA1c 0.7793 0.0562 < 0.0001 (ref) –

 Model 2 + FA 0.7504 0.0273 < 0.0001 – –

 Model 2 + GA 0.7518 0.0287 < 0.0001 – –

 Model 2 + HbA1c + FA 0.7829 0.0598 < 0.0001 0.0036 0.0011

 Model 2 + HbA1c + GA 0.782 0.0589 < 0.0001 0.0027 0.0075

 Model 2 + HbA1c + FA + GA 0.7834 0.0603 < 0.0001 0.0041 0.0006

Model 1: age (years), race-center, sex (male, female), body mass index (kg/m2), (body mass index)2

Model 2: Variables in Model 1 + LDL-cholesterol (mg/dL), HDL-cholesterol (mg/dL), triglycerides (mg/dL), waist-to-hip ratio, systolic blood 
pressure (mmHg), blood pressure-lowering medication use (yes, no), family history of diabetes (yes, no), education (less than high school, high 
school or equivalent, more than high school), drinking status (current, former, never), smoking status (current, former, never), physical activity 
index.

Abbreviations: FA, fructosamine; GA, glycated albumin; HbA1c, Hemoglobin A1c;
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