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Abstract

BACKGROUND: There is growing interest in using glycated albumin for the diagnosis of
diabetes, especially when standard tests (glucose and hemoglobin Ay [Hb A]) are unavailable.
However, it is unknown how well glycated albumin identifies diabetes in the general population.

METHODS: We measured glycated albumin in stored serum samples from the 1999-2004
National Health and Nutrition Examination Survey. We evaluated the ability of glycated albumin
to identify undiagnosed diabetes in US adults aged =20 (n = 4785), overall and at thresholds
corresponding to clinical cut points for Hb A and fasting plasma glucose (FPG). We assessed
4 reference definitions for undiagnosed diabetes: increased FPG (=126 mg/dL) [>6.99 mmol/L),
increased Hb A4 (=6.5%), either FPG or Hb A4 increased, or both FPG and Hb A4 increased.

RESULTS: Among US adults, glycated albumin had excellent diagnostic accuracy across all
4 definitions of undiagnosed diabetes, with the area under the receiver operating characteristic
curve (AUC) ranging from 0.824 to 0.951. Performance was generally consistent across patient
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demographic and clinical characteristics. Glycated albumin cut points of 16.5% and 17.8% were
equivalent to an FPG of 126 mg/dL (6.99 mmol/L; 97th percentile) and Hb A1 of 6.5% (98th
percentile) and had low to moderate sensitivity (0.273 to 0.707) but high specificity (0.980 to
0.992) for detecting undiagnosed diabetes.

CONCLUSION: The excellent diagnostic performance of glycated albumin to identify diabetes
defined by either FPG or Hb As. suggests that glycated albumin may be useful for identifying
adults with undiagnosed diabetes when standard tests are unavailable.

Introduction

Fasting plasma glucose (FPG) and glycated hemoglobin (Hb A4.) are standard measures
used to screen and diagnose diabetes (1), but both have limitations. FPG requires an
overnight fast and has high within-person variability, while Hb A4 is unreliable in
certain patients, including those with altered red blood cell turnover, anemia, some
hemoglobinopathies, or chronic kidney disease (2).

Glycated albumin is formed when glucose binds to albumin and reflects intermediate (2 to
3 week) hyperglycemia. Because glycated albumin is unaffected by erythrocyte lifespan or
alterations in hemoglobin concentration, there is growing interest using it as an alternative
or complementary test for diagnosis of diabetes (1, 3). Glycated albumin is used in clinical
practice in some parts of Asia and recently received clearance from the Food and Drug
Administration for clinical use in the United States. However, the clinical utility of glycated
albumin in the general population remains unclear and diagnostic cut points for glycated
albumin have not been established (3-5).

We conducted the first study of the diagnostic performance of glycated albumin in

a nationally representative sample of US adults. Our primary objective was to assess

the performance of glycated albumin for the identification of diabetes, overall and in
populations where standard markers may be less reliable. Our secondary objective was to
evaluate potential diagnostic cut points for glycated albumin.

Materials and Methods

STUDY POPULATION

The National Health and Nutrition Examination Survey (NHANES) is a nationally
representative, cross-sectional study designed to monitor the health of the US population.
Participants are selected from the US noninstitutionalized, civilian population using a
complex, stratified, multistage probability cluster sampling design for in-home interviews
and visits to a mobile examination center for laboratory testing (6). A randomly selected
subsample of participants fasted overnight prior to their examination.

We included all nonpregnant adults aged = 20-years with no history of diagnosed diabetes
from the 1999-2004 NHANES who completed the medical examination, attended the
fasting morning examination, and had valid data for all 3 measures of glycemia (glycated
albumin, Hb Ay, and FPG) available (see online Supplemental Fig. S1, n = 4785).
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MEASURES OF GLYCEMIA

Whole blood specimens were collected and immediately stored at 4 to 8 °C. Samples were
shipped at the same temperature to the University of Missouri for processing. Hb A was
measured using HPLC methods (7) in whole blood samples and calibrated to account for
changes in laboratory methods over time (8).

A 3 to 5 mL sample of whole blood was collected from fasting participants and immediately
centrifuged at 1500¢ for 10 min. Plasma was transferred into vials then frozen at —70 °C
and shipped in dry ice to the University of Missouri for processing. Upon arrival, specimens
were placed in =70 °C freezers until analyzed. Glucose was measured in plasma specimens
using the hexokinase method.

We measured glycated albumin in surplus serum samples using a method developed by
Asahi Kasei Pharma that was adapted to the Siemens Dimension Vista 1500. Measurements
were conducted between 2018 and 2020 at the University of Maryland (Baltimore, MD,
USA) (9). Glycated albumin was expressed as a percentage of total albumin using the
following formula: [(glycated albumin concentration in g/dL/serum albumin concentration
in g/dL) x 100/1.14] + 2.9 (10). We restricted our sample to measurement of glycated
albumin in samples that had not previously undergone 2 or more freeze-thaw cycles. We also
excluded one participant with an implausible glycated albumin value (>100%). Reagents for
the glycated albumin assay were donated by Asahi Kasei.

DEFINITION OF UNDIAGNOSED DIABETES

We evaluated the ability of glycated albumin to identify 4 different definitions of
undiagnosed diabetes: FPG = 126 mg/dL (=6.99 mmol/L); Hb A;. 26.5%; FPG > 126
mg/dL (=6.99 mmol/L) or Hb A1 26.5%; FPG = 126 mg/dL (=6.99 mmol/L) and Hb A
26.5% (1).

OTHER VARIABLES OF INTEREST

Participants self-reported age, sex (male/female), race/ethnicity (non-Hispanic White, non-
Hispanic Black, Mexican American, other). Body mass index (BMI) was defined as weight
in kilograms divided by height in meters squared. Participants were classified into one of
three weight status groups (normal, BMI <25 kg/m?; overweight, BMI 25 to 29.9 kg/m?;
obese, BMI =30 kg/m?2). Anemia was defined as hemoglobin <13.5 g/dL for men and

<12 g/dL for women (11). Iron deficiency was defined as abnormal values for at least

2 of the 3 measures: free erythrocyte protoporphyrin (>70 pg/dL), transferrin saturation
(<16%), or serum ferritin (<15 pg/l) (11). Hypertension was defined as mean blood pressure
>140/90 mm Hg or current use of blood pressure-lowering medication (12). High cholesterol
was defined as total cholestrol >240 mg/dL (6.21 mmol/L) or use of cholesterol-lowering
medication. Glomerular filtration rate was estimated (eGFR) using the Chronic Kidney
Disease Epidemiology Collaboration formula (13), and chronic kidney disease was defined
as eGFR <60 ml/min/1.73 m2 (14). Urine albumin and creatinine were measured in a
random urine sample. Albuminuria was defined as an albumin-to-creatinine ratio 230 mg/g
(14).
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STATISTICAL ANALYSIS

Results

We assessed the distribution of glycated aloumin, Hb Az, and FPG. To derive potential
diabetes cut points, we determined the percentile of glycated albumin corresponding to an
Hb A, of 6.5% or an FPG of 126 mg/dL (6.99 mmol/L). This approach is consistent with
prior work and identifies glycated albumin values that approximate cut points currently
used in clinical practice (15). We examined the associations between glycated albumin, Hb
A1, and FPG using weighted Pearson correlations and scatterplots with lowess-smoothed
curves. We evaluated the performance of glycated albumin to identify different definitions
of diabetes by computing the area under the receiver operating curve (AUC), overall and
across subgroups. We calculated the specificity, sensitivity, positive predictive value, and
negative predictive value of glycated albumin at values that corresponded to Hb A4 and
FPG cut points. We compared the performance of glycated albumin to Hb A and FPG
and examined the factors associated with increases in glycated albumin, Hb A4, and FPG
with logistic regression models. We explored the association between body mass index and
all 3 glycemic markers using weighted Pearson correlations and scatterplots with lowess-
smoothed curves.

All estimates were generated using Stata 16.0 (StataCorp) and recommended sample
weights, making our results representative of the noninstitutionalized, civilian US adult
population. A two-sided Pvalue less than 0.05 was considered statistically significant.

The National Center for Health Statistics (NCHS) ethics review board approved study
protocols and approved the measurement of glycated albumin in stored serum samples. All
participants provided written informed consent.

During the period 1999 to 2004, the mean age of US adults without a history of diabetes
was 45.5 years, 51.3% were women, and 73.6% were non-Hispanic Whites (see online
Supplemental Table S1). Glycated albumin was modestly correlated with total albumin (see
online Supplemental Fig. S2, /=0.33). Levels of glycated albumin ranged from 10.5% to
17.8% (2nd percentile to 98th percentile) in US adults without a history of diabetes (Table
1). The glycated albumin value corresponding to the equivalent percentile as Hb A1 6.5%
(98th percentile) was 17.8%. The glycated albumin value corresponding to fasting glucose
of 126 mg/dL (6.99 mmol/L; 97th percentile) was 16.5%.

There was a moderate correlation between glycated albumin and Hb A4 (Fig. 1, A, r=0.52),
though the association was stronger at higher values. For instance, at glycated albumin
>16.5%, the correlation between HbA ;. and glycated albumin was 0.78, compared to 0.13
for values <16.5%. There was a similar nonlinear association between glycated albumin and
FPG (Fig. 1, B). While the overall correlation between FPG and glycated albumin was 0.51,
the correlation was 0.78 at glycated albumin values =16.5% and 0.09 at values <16.5%. In
contrast, there was a strong linear association between Hb A, and FPG (Fig. 1, C, =0.78).

Glycated albumin had excellent diagnostic accuracy across all 4 definitions of undiagnosed
diabetes, with AUCs ranging from 0.824 to 0.951 (Table 2, Fig. 2). However, glycated
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albumin performed better when more specific definitions of diabetes were used. For
instance, the AUC was 0.951 (95% ClI, 0.910-0.974) when defined as having an increased
Hb A and FPG compared to 0.824 (95% ClI, 0.780-0.861) when diabetes was defined
having an increased Hb A;. or FPG. In head-to-head comparisons, glycated albumin did
not perform as well as Hb Ay, in identifying individuals with single increased FPG (AUC
of 0.824 vs 0.940, A<0.001). Glycated albumin also did not perform as well as FPG in
identifying individuals with single increased Hb A;; (AUC of 0.921 vs 0.956, £=0.01).

The performance of glycated albumin was generally excellent and consistent across
subgroups, regardless of the definition of diabetes. Glycated albumin did not outperform
Hb A, or fasting glucose in any subgroup, including those with anemia, iron deficiency, or
chronic kidney disease (Table 2).

In this study population, glycated albumin values of 16.5% and 17.8% corresponded to
clinical cut points for FPG (126 mg/dL [6.99 mmol/L]) and Hb A4, (6.5%). Both glycated
albumin thresholds had nearly perfect specificity and negative predictive value across all 4
definitions of diabetes (Table 3). However, the sensitivity and positive predictive value of
glycated albumin at these cut points varied widely, with better performance observed for
more specific definitions of diabetes. In head-to-head comparisons, Hb A;. >6.5% and FPG
>126 mg/dL (=6.99 mmol/L) had similar specificity but higher sensitivity than glycated
albumin =16.5% and =17.8% for identifying adults with single increased values of FPG and
Hb Ay, respectively.

Older adults and non-Hispanic Blacks were more likely than young adults and non-Hispanic
Whites to have increased glycated albumin, whether defined as 216.5% or =17.8% (see
online Supplemental Table S2). Overweight and obesity were significantly associated with
glycated albumin =17.8%, but not =16.5%. Age, race/ethnicity, and weight status were

also risk factors for increased FPG and increased Hb Aq.. However, body mass index was
strongly nonlinearly related to glycated albumin, but linearly associated with Hb A;. and
FPG (see online Supplemental Fig. S3).

Discussion

Among US adults, glycated albumin performed well to identify individuals with
undiagnosed diabetes in the population. The diagnostic accuracy of glycated albumin

was high for all reference definitions of diabetes, overall and across different population
subgroups. Glycated albumin performed best when more specific criteria (e.g., both Hb A
and FPG increased) were used to define diabetes. This confirmatory definition is consistent
with clinical guidelines (1) and strongly associated with clinical outcomes (16). Our results
suggest that glycated albumin may be a suitable alternative or complementary test for
diabetes diagnosis in the general population.

Our findings are consistent with smaller studies and those in more select populations.
In a previous analysis of the community-based Atherosclerosis Risk in Communities
(ARIC) Study (mean age 70), we showed glycated albumin performed well for detection
of undiagnosed diabetes (defined as increased FPG or Hb A;.), with AUCs ranging from
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0.71 to 0.80 (4). A community study of Japanese adults (mean age 50) found glycated
albumin had excellent ability to identify diabetes defined by FPG or Hb A;; (AUC, 0.91)
(5). Smaller studies of Asian (17, 18) and African (19) populations reported that glycated
albumin had very good diagnostic accuracy to detect diabetes based on 2-hr glucose criteria,
with AUCs ranging from 0.83 to 0.87. As the first nationally representative US study of
glycated albumin, our study extends the existing research by demonstrating the clinical
utility of glycated albumin in the general adult population.

There is growing evidence that glycated albumin is a useful secondary test of glycemia.
However, it is important to note that we found that standard tests, Hb Ay in particular, had
better diagnostic performance than glycated albumin overall. These results are consistent
with our prior work, which found that Hb A1 was more predictive of incident diabetes than
glycated albumin in middle-aged US adults (20). Our findings suggest that glucose and Hb
A1 should remain the preferred tests for diabetes diagnosis, and that glycated albumin can
serve as an adjunct test when standard tests are unreliable.

Glycated albumin is believed to be a more accurate diagnostic test for patients with

health conditions that may cause Hb A to be unreliable (3). However, we did not

find that glycated albumin outperformed Hb A, significantly in identifying undiagnosed
diabetes in adults with anemia, iron deficiency, or chronic kidney disease. Differences in
disease severity may explain why our results differ from existing research. For example,
prior studies comparing glycated albumin with Hb A4 in the setting of kidney disease
have focused largely on dialysis patients (21). In contrast, kidney disease in NHANES
participants was mostly early stage. Nonetheless, the performance of glycated albumin was
excellent across all subgroups, highlighting its potential utility as an adjunct test across a
broad range of patients.

We found that glycated albumin levels of 16.5% and 17.8% were “equivalent” to clinical cut
points for FPG and Hb A and thus may be useful for identifying individuals with diabetes.
Both glycated albumin thresholds had nearly perfect specificity, but low to moderate
sensitivity for detecting diabetes. Increased glycated albumin has been shown to predict

the onset of microvascular disease, suggesting that these thresholds identify individuals
with the highest risk for complications (20). Nonetheless, some caution is warranted, as

the lower sensitivity of these glycated albumin thresholds suggests that patients with milder
hyperglycemia may be missed. Our glycated albumin cut points differ from prior studies,
which have identified “optimal” thresholds by computing the Youden index (5, 18, 19).
However, our goal was not to simultaneously maximize specificity and sensitivity; we chose
16.5% and 17.8% to put glycated albumin on roughly equal footing with current diagnostic
biomarkers.

Traditional diabetes risk factors such as older age were risk factors for increased glycated
albumin, Hb Ay, and FPG. However, overweight and obesity were inconsistently associated
with increased glycated albumin, but robustly and positively associated with increased Hb
A1 and FPG. This nonlinear association of body mass index with glycated albumin is
consistent with prior studies (22—24). The reasons for the more complicated association of
body mass index with glycated albumin are unknown but may be partly due to inflammation,
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which is higher in individuals with obesity, and increased albumin turnover (24). The
association of adiposity with glycated albumin may make glycated albumin a less reliable
measure of glycemia at lower levels. Consistent with this hypothesis, we found that glycated
albumin was weakly correlated with Hb A;; and FPG at normal levels but strongly
correlated at high (diabetic) levels (25). Additional work is needed to understand how

this differential association with body mass index may affect the clinical performance of
glycated albumin.

There were important limitations to our study. First, oral glucose tolerance tests were not
administered in the NHANES 1999-2004. We relied on FPG and Hb A4 to assess the
diagnostic performance of glycated albumin. Second, glycated albumin was measured in
blood samples that were stored for over a decade. While glycated albumin is known to

be stable in long-term stored samples (26), the correlation between glycated albumin and
Hb A, or FPG may have been stronger if glycated albumin was measured in fresh or
short-term stored samples. Third, because the NHANES is a cross-sectional study, we were
not able to evaluate the ability of glycated albumin to predict risk of future diabetes or its
complications.

Our study had notable strengths. We are the first to assess the performance of glycated
albumin in a nationally representative sample of adults. Our large sample size allowed us to
conduct subgroup analyses with a high level of precision. Key measures, including glycated
albumin, Hb Ay and FPG, were systemically measured by trained personnel using rigorous
and standardized methods.

Conclusion

In conclusion, glycated albumin performed well as a diagnostic test for diabetes in the
general US adult population and in important subgroups. However, glucose and Hb A
demonstrated better diagnostic performance than glycated aloumin. Our results suggest that
in settings where glucose and Hb A4 are unavailable, glycated albumin may be a useful
alternative. Glycated albumin values of 17% to 18% are roughly equivalent to established
cut points for standard tests and may be useful thresholds for identifying adults with
diabetes.
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Fig. 1. Weighted scatterplots (with lowess curves) of Hb A1¢, FPG, and glycated albumin in US

HbA1c, %

adults without diagnosed diabetes, NHANES 1999-2004.

Glycated albumin values of 16.5% and 17.8% are “equivalent” (i.e., the same percentile) as
a FPG of 126 mg/dL (6.99 mmol/L) and Hb A;. of 6.5% in US adult without diagnosed
diabetes. Glycated albumin values were truncated at the 1st percentile in (A) and (B) for

clarity. All figures are presented on the log scale.
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Fig. 2. Overall performance of glycated albumin to detect undiagnosed diabetes in US adults,
NHANES 1999-2004.

Reference definition of diabetes was: (A), FPG =126 mg/dL; (B), Hb Ay =26.5%; (C), FPG
2126 mg/dL and Hb A 26.5%; and (D), FPG =126 mg/dL or Hb A1 =6.5%.
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Table 1.

Equipercentile values of Hb Ay, fasting plasma glucose, and glycine albumin in US adults without diagnosed
diabetes, NHANES 1999-2004 (n = 4785).

o — -
Hb Ay, % FPG, mg/dLb Glycated albumin, %  Percentile
4.7 79 10.5 2nd
5.2 89 12.2 25th
5.4 95 13.0 50th
5.5 100 13.8 69th
5.6 102 14.0 75th
5.7 105 14.4 82nd
6.2 12651 16.5 97th
6.5‘9 138 17.8 98th

aHb A1c of 6.5% and FPG of 126 mg/dL (6.99 mmol/L) are the clinical cut points for diabetes diagnosis.

bTo convert glucose concentrations from mg/dL to mmol/L, multiply by 0.05551.
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