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ABSTRACT

Introduction: Hemoglobin Alc (HbA1lc) measurement in epidemiology studies could be increased if reliability of measurements
in frozen stored samples was known. In the Reasons for Geographic And Racial Differences in Stroke, a longitudinal study of
30,239 Black and White U.S. adults, we investigated reliability of HbA1c measurements for two types of samples stored at —80°C
for up to 14 years.

Methods: Among 917 participants without diabetes, HbAlc was measured in 2017 in frozen packed cells from the first visit
(2003-2007) and in frozen whole blood samples from the second visit (2013-2016). To study reliability, associations between
HbA1c and glycemia-related characteristics were examined.

Results: Each 10 mg/dL greater fasting glucose was associated with 0.08% (95% CI: 0.05%-0.11%) greater HbAlc in frozen packed
cells (Visit 1) and 0.10% (95% CI: 0.08%-0.12%) greater HbA1lc in whole blood (Visit 2). HbAlc was also similarly higher with both
methods with increasing age, gender, systolic blood pressure, body mass index, high-density lipoprotein, triglycerides, C-reactive
protein, and hemoglobin. Using both methods, <3.5% would be classified with diabetes based on HbAlc>6.5%.

Conclusions: In REGARDS participants without diabetes, HbAlc measurement appeared reliable in frozen packed cells or
whole blood under long-term storage, suggesting acceptability for study of the epidemiology of HbAlc.
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1 | Introduction

Hemoglobin Alc (HbAIc) has long been used to assess glyce-
mic control in the management of diabetes, and HbA1lc level
correlates with the risk of complications [1]. With advances in
assay standardization, use of HbAlc testing was incorporated
into the diagnostic criteria for diabetes in 2010 [2]. HbA1c test-
ing is typically performed on fresh whole blood samples, with
samples refrigerated at 4°C stable for up to 7 days. Prior studies,
most which employed high-performance liquid chromatogra-
phy (HPLC) assays for HbAlc, demonstrated the feasibility of
testing frozen whole blood samples stored for months or years
[3-10].

The Reasons for Geographic And Racial Differences in Stroke
(REGARDS) study is a longitudinal epidemiologic study of
30,239 Black and White adults aged 45 or over undertaken to
ascertain the causes of the excess stroke mortality among Black
people and those living in the Southeastern United States [11].
Recruitment took place between 2003 and 2007, prior to use
of HbAlc for diabetes classification, so fasting plasma glucose
was the glycemic measure used in both the initial exam and
the subsequent study exam in 2013-2016. Given the central role
HbAIc testing now plays in diagnosis and treatment of diabe-
tes and to study it as a risk factor and outcome, the REGARDS
investigators desired adding its measurement to the study data.
Immunoturbidimetric assays (immunoassays) are increasingly
employed in clinical HbA1lc testing because they are based on
structural differences, not charge differences (as in ion-exchange
HPLC) between glycated and nonglycated hemoglobin. Thus,
the effects of the most common variant hemoglobins (e.g., he-
moglobin S) on HbAlc measurement using immunoassays are
mitigated [12].

The purpose of this study was to assess whether REGARDS
could provide measurement of HbAlc sufficiently accurate
for study of the epidemiology of this biomarker. HbAlc was
measured in a sample of REGARDS participants who were
free of diabetes at both visits to determine whether values ob-
tained by immunoassay of whole blood or packed cell samples
stored at —80°C for up to 14 years were correlated with (a) re-
sults of fasting plasma glucose testing performed soon after
sample collection and (b) glycemia-associated phenotypic
characteristics.

2 | Materials and Methods
2.1 | Study Population and Sample Collection
2.1.1 | Pilot Study

A pilot study was performed to direct the plan for HbAlc
method selection and optimize the likelihood of obtaining re-
sults sufficiently accurate for epidemiologic research. This in-
cluded 27 adults aged 30 and older. Blood was collected, from
each consenting participant, in EDTA tubes. Noncentrifuged
whole blood samples and packed cells were frozen at —80°C
for 24-48h. Conduct of the pilot study was approved by the
University of Vermont Institutional Review Board.

2.1.2 | REGARDS Study

Between January 2003 and October 2007, REGARDS recruited
30,239 Black and White participants, aged 45years and older, in
the contiguous 48 states. The study oversampled Black individ-
uals and residents of the stroke belt region in the Southeastern
United States (North Carolina, South Carolina, Georgia,
Alabama, Mississippi, Tennessee, Arkansas, and Louisiana).
Computer-assisted telephone interviews were used to obtain
verbal informed consent, demographic information, and medi-
cal history. Written informed consent was obtained, and physi-
ologic measurements and fasting blood samples were collected
during an in-home visit, three to four weeks after the telephone
interview. A detailed description of the study design has been
described elsewhere [11]. Between 2013 and 2016, a second in-
home visit collected similar information using the same meth-
ods as the first visit. The protocol was reviewed and approved by
Institutional Review Boards of participating institutions, and all
participants provided written informed consent.

At the first REGARDS visit, fasting morning blood was col-
lected in EDTA plasma tubes and then stored on ice packs (0°C)
for the remainder of the visit [13]. Centrifugation for 10 min was
performed within 2h of phlebotomy, and then, serum or plasma
and packed cells from EDTA tubes were transferred into mailer
tubes. The mailer tubes were shipped overnight with frozen gel
ice packs to the University of Vermont's Laboratory for Clinical
Biochemistry Research (LCBR), where they were inventoried,
re-centrifuged at 30,000 x g (—4°C), and serum, plasma, and the
cell layer stored at —80°C [13]. At the second visit, the blood col-
lection protocol was similar but added an EDTA whole blood
sample that was not centrifuged and which was stored at —80°C
at the LCBR.

2.2 | Assay Methods
2.2.1 | Pilot Study

We compared HbAlc measurements from three sample types:
fresh whole blood, frozen whole blood, and frozen packed cells
(neat and 1:2 dilution in NaCl). Because many prior studies on
HbAIc testing of frozen samples employed HPLC assays, test-
ing of fresh whole blood samples was performed using an ion-
exchange HPLC method (Tosoh G8, Tosoh Bioscience, South
San Francisco, CA). Testing of frozen samples (whole blood and
packed cells) was performed using the Cobas Integra 400 system
(Roche Diagnostics, Indianapolis, IN).

2.2.2 | REGARDS Study

HbAlc was measured in frozen packed cells from Visit 1
and frozen whole blood from Visit 2 (both from EDTA tubes)
using an immunoturbidimetric method for hemolyzed whole
blood (Tina-quant HbAlc Gen. 3, Cobas Integra 400, Roche
Diagnostics, Indianapolis, IN). All hemoglobin variants, which
were glycated at the N-terminus of the -chain and which had
antibody-recognizable regions similar to HbA1lc, were measured
with the assay. Within-run coefficients of variation (CVs) were

20f9

Journal of Clinical Laboratory Analysis, 2025



1.0%-1.6%, and between-run CVs were 1.4%-2.0%. For both vis-
its, HbAlc was measured in 2017.

2.3 | Definition and Measurement
of Glycemia-Associated Characteristics

Age was self-reported at both visits. Gender, race (Black and
White), education, and income were self-reported at the first
visit only. Education was grouped into< high school, high school
graduate, some college, and college graduate and above. Income
was categorized as <$20k, $20k-$34k, $35k-$74k, $75k and
above, or not willing to report. Self-reported smoking status was
categorized into current, former, and never.

At both visits, blood pressure was measured twice using a sphyg-
momanometer after the participant rested for 5min in a seated
position; the two values were averaged. Body mass index (BMI)
was calculated by dividing weight in kilograms by the square of
the height in meters.

At the first visit, glucose was measured using colorimetric
reflectance spectrophotometry on the Ortho Vitros 950 IRC
Clinical Analyzer (Johnson & Johnson Clinical Diagnostics,
Rochester, NY); 87% of participants adhered to the overnight
fasting request [14]. At the second visit, due to requirements
for reporting results to participants, among participants resid-
ing in New York state, glucose was measured using the same
method as the first visit. For other participants, the Cobas
Integra 400/800 system (Roche Diagnostics, Indianapolis, IN)
was used.

Diabetes status was defined as fasting glucose >126 mg/dL or
random glucose >200mg/dL or self-reported diabetes or use of
oral medications or insulin.

At the first visit, high-density lipoprotein (HDL) cholesterol and
triglycerides were measured in serum using the Ortho Vitros
Clinical Chemistry System 950IRC instrument (Johnson &
Johnson Clinical Diagnostics, Rochester, NY). For HDL cho-
lesterol, samples were treated with dextran sulfate/magnesium
chloride to precipitate chylomicrons, very-low-density lipopro-
tein (VLDL) cholesterol, and low-density lipoprotein (LDL) cho-
lesterol. LDL cholesterol was calculated using the Friedwald
equation (total cholesterol—HDL cholesterol—(triglycerides/5))
[15]. At the second visit, HDL cholesterol and triglycerides
were measured using the Roche Cobas Integra 400/800 system
(Roche Diagnostics, Indianapolis, IN).

At the first visit, serum creatinine was measured by colorimet-
ric reflectance spectrophotometry on the Vitros 950IRC in-
strument (Johnson & Johnson Clinical Diagnostics, Rochester,
NY) and creatinine was calibrated to isotope dilution mass
spectrometry methods [16]. Urinary albumin was measured
using the BN ProSpec nephelometer (Dade Behring, Deerfield,
IL now Siemens AG, Marburg, Germany) and urinary creati-
nine using the Modular-P chemistry analyzer (Roche/Hitachi,
Indianapolis, Switzerland). Urine albumin-to-creatinine ratio
(ACR) was calculated. Estimated glomerular filtration rate
(eGFR) was calculated using the Chronic Kidney Disease
Epidemiology Collaboration (CKD-EPI) equation [17]. At the

second visit, among participants residing in New York state,
serum creatinine was measured using the same method as the
first visit. For other participants, the Cobas Integra 400/800 sys-
tem (Roche Diagnostics, Indianapolis, IN) was used. Urinary
creatinine and albumin were measured using the Cobas Integra
400/800 system (Roche Diagnostics, Indianapolis, IN). At the
first visit, Sickle cell trait (SCT) was determined in Black par-
ticipants by genotyping using a TagMan SNP Genotyping Assay
(Applied Biosystems, Waltham, MA; ThermoFisher Scientific,
Waltham, MA) [18].

C-reactive protein (CRP) was measured using a high-sensitivity,
particle-enhanced immunonephelometric assay on the
BNII nephelometer (N High Sensitivity CRP, Dade Behring
Inc. Deerfield, IL now Siemens AG, Marburg, Germany).
Hemoglobin was measured as a component of a hemogram,
performed by automated cell counting on a Beckman Coulter
LH 755 Hematology Workcell (Beckman Coulter, Incorporated,
Fullerton, CA). Hemogram measurements began after 1/3 of the
participants were recruited and examined. Assay methods for
CRP and hemoglobin were the same at both visits.

2.4 | Inclusion of Participants

From the initial 30,239 participants, HbAlc was measured at
the first visit in a random sample of 3,276 participants, stratified
on gender, race, and age. HbAlc was measured at the second
visit in 1,246 participants of this stratified random sample. After
exclusion of participants with missing diabetes status or with di-
abetes at either assessment, we studied 917 participants without
diabetes at both visits (Figure 1).

2.5 | Statistical Methods

HbA1lc data from the pilot study were plotted in scatterplots.
Pearson correlations were calculated for comparison of each
HbA1c assay method.

Sociodemographic, lifestyle, and laboratory characteristics were
tabulated at both REGARDS visits. At each visit, linear regres-
sion was used to relate fasting plasma glucose and other clinical
factors to HbAlc level in age-, race-, and gender-adjusted mod-
els. For skewed continuous variables (ACR, triglycerides and
CRP), natural log transformation was applied.

The percentage of participants classified as having diabetes
based only on HbAlc > 6.5% at each visit was tabulated.

All statistical tests were two-sided, and p-values were consid-
ered statistically significant at alpha <0.05. Analyses were con-
ducted using SAS version 9.4 (SAS Institute, Cary, NC, USA) and
R version 4.1.0.

3 | Results

In the pilot study (Figure 2a-c), HbA1lc measurements for whole
blood samples (fresh or frozen) strongly correlated with mea-
surements for packed cell samples (r>0.84).
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Total REGARDS participants
N= 30,239

A 4

l _________ _

Exclude data anomalies (N=56)

REGARDS participants without
data anomalies
N= 30,183

1

Stratified random sample with
HbA1c at the first visit
N= 3,276

A 4

Stratified random sample with
HbA1c at both visits
N= 1,246

Exclude:
* Missing diabetes status (N=27)
» Diabetes at either visit (N=302)

Participants without diabetes
N= 917

FIGURE 1 | Flow diagram showing which study participants were included in the HbAlc analysis. From the initial 30,239 participants, 917
REGARDS participants without diabetes at Visit 1 (2003-2007) and Visit 2 (2013-2017) were included in the final analytic sample. Diabetes status
was defined as fasting glucose >126 mg/dL or random glucose >200mg/dL or self-reported diabetes or use of oral medications or insulin.
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FIGURE 2 | Pilot study (N=27) comparing hemoglobin Alc (HbA1c) in whole blood and packed cell samples: (A) Correlations between HbAlc
measurements from fresh whole blood samples and other methods (frozen whole blood, frozen packed cells, and diluted frozen packed cells).
(B) Correlations between HbAlc measurements from frozen whole blood samples and packed cell methods. (C) Correlations between HbAlc

measurements from neat and diluted packed cells.

The mean (SD) follow-up time was 9.4 (0.9) years. Among the
studied REGARDS participants without diabetes at either visit,
Table 1 shows that 40.7% were Black, and 44.9% had a college
education or higher. About half were women and never-smokers
and had baseline income > $35K. The mean fasting glucose and

HbAIc at Visit 1 and Visit 2 were similar: glucose 91 and 90 mg/
dL, respectively, and HbAlc 5.8% and 5.7%. Lipid measures im-
proved over time, and blood pressure, CRP, and hemoglobin
were slightly lower at the second than first visit. Kidney func-
tion moderately decreased over time while BMI remained stable.
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TABLE1 | Baseline characteristics of 917 REGARDS participants without diabetes over 10years (2003-2016).

Characteristic Visit
Mean (SD), median (IQR)? or % Visit 1 N Visit 2 N
Age years 63.3 (11.1) 917 72.5(11.2) 917
Baseline gender 917

Women 52.8
Baseline race 917

Black 40.7
Baseline education 917

Less than high school 7.8

High school graduate 22.2

Some college 25.0

College graduate and above 44.9
Baseline income 917

less than $20k 11.8

$20k-$34k 22.0

$35k-$74k 30.4

$75k and above 24.2

Refused 11.6
Smoking 913 896

Never 50.5 50.1

Past 38.4 39.9

Current 10.7 7.7
Systolic blood pressure mmHg 125 (16) 914 124 (15) 917
Diastolic blood pressure mmHg) 76 (9) 914 73 (9) 917
BMI kg/m? 28.1(5.3) 911 28.1(6.0) 912
Sickle cell trait® 8.1 344
HbAlc % 5.8 (0.4) 917 5.7(0.4) 917
Fasting glucose mg/dL¢ 91 (9) 811 90 (12) 778
LDL mg/dL 116 (33) 902 104 (35) 915
HDL mg/dL 53 (16) 912 58 (18) 917
Triglycerides mg/dL? 102 [76-138] 916 96 [72-130] 917
ACR mg/g? 6.3 [4.0-11.0] 892 9.2[5.1-18.3] 859
Serum creatinine mg/dL 0.9 (0.2) 917 1.0(0.4) 917
Estimated GFR mL/min/1.73 m? 88 (18) 917 73 (21) 917
CRP mg/L2 1.8 [0.8-4.0] 903 1.6 [0.8-4.1] 894
Hemoglobin g/dL¢ 13.8(1.4) 665 13.5(1.5) 848

Abbreviations: ACR, albumin-to-creatinine ratio; BMI, body mass index; CRP, C-reactive protein; DBP, diastolic blood pressure; GFR, glomerular filtration rate; HDL,
high-density lipoprotein; IQR, interquartile range; LDL, low-density lipoprotein; SBP, systolic blood pressure; SCT, sickle cell trait; SD, standard deviation.

aMedian (IQR) shown.

bSickle cell trait genotyping was done for Black participants only.

Participants not fasting were not included in analysis of glucose correlation with HbAlc.

dHemoglobin measurements were not collected before May 2004 [37].
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Table 2 shows that associations between concurrent fasting glu-
cose and HbA1lc were similar using the two different methods
for HbAlc determination, that is, at both visits. Each 10mg/
dL increment of glucose was associated with 0.08% (95%CI:
0.05%-0.11%) higher HbA1c using frozen packed cells from the
first visit and 0.10% (95%CI: 0.08%-0.12%) higher HbA1c using
the frozen cell layer from the second visit. Likewise, weak as-
sociations of HbAlc with age, gender, systolic blood pressure,
BMI, HDL, triglycerides, CRP, and hemoglobin were similar
at both visits. A stronger association between race and HbAlc
was observed at the first visit compared to the second visit.
Compared to White race, Black race was associated with 0.33%
(95% CI=0.28%-0.38%) higher HbAlc at the first visit and
0.15% (95% CI=0.10%-0.19%) higher HbA1c at the second visit.
Other variables in Table 2 were not associated with HbAlc at
either visit.

Among these participants classified as not meeting diabetes cri-
teria using fasting glucose or clinical history, using the HbA1lc
diagnostic cut-off of 6.5%, 3.5% were classified as meeting dia-
betes diagnosis cut-point at the first visit and 2.3% at the second
visit (Table 3).

4 | Discussion

This study investigated reliability of REGARDS methods to mea-
sure HbAlc in frozen stored samples for epidemiology research.
In a pilot study, different measurement methods were highly
correlated. HbA1lc values from frozen packed cells stored at
—80°C for up to 14 years correlated in the expected manner with
fasting glucose values and several known correlates of HbAlc.
Further, frozen whole blood results from samples at a second

TABLE 2 | Association of hemoglobin Alc with study variables of interest in 917 REGARDS participants without diabetes at visit 1 (2003-2007)

and visit 2 (2013-2016).

Difference in HbA1C by each characteristic; 8 (95% CI)*

Characteristic

Visit 1 (frozen packed cells)

Visit 2 (frozen cell layer)

Similar positive association in both sample types
Fasting glucose (per 10 mg/dL)

Similar weak association in both sample types
Age (per 10years)
Gender (female)

Systolic blood pressure (per
10mmHg)

BMI (per 5kg/m?)
HDL (per 5mg/dL)
Log triglycerides® (per 1 SD)
Log CRP® (per 1SD)
Hemoglobin (per 1g/dL)
Different association at second visit
Race (Black)
No association at either visit

Diastolic blood pressure (per
5mmHg)

LDL (per 10mg/dL)
Log ACR¥* (1 per SD)
Serum creatinine (per 0.2mg/dL)

Estimated GFR (per 10mL/
min/1.73m?)

Sickle cell trait (yes)®

0.08 (0.05, 0.10)

0.06 (0.04, 0.08)
0.08 (0.04, 0.13)
0.03 (0.01, 0.04)

0.04 (0.02, 0.07)
—0.01 (—0.02, —0.005)
0.03 (0.001, 0.05)
0.04 (0.02, 0.07)
—0.03 (=0.06, —0.007)

0.33(0.28, 0.38)

0.009 (—0.02, 0.04)

0.003 (—0.005, 0.01)
0.02 (—0.003, 0.05)
0.02 (—0.005, 0.05)
—0.01 (—0.03, 0.003)

—0.21(-0.59, 0.17)4

0.11 (0.09, 0.13)

0.02 (=0.001, 0.04)
0.04 (—0.01, 0.09)
0.02 (—0.0005, 0.03)

0.03 (0.01, 0.05)
—0.02 (=0.02, —0.008)
0.05 (0.02, 0.07)
0.05 (0.03, 0.08)
—0.02 (=0.04, 0.004)

0.15(0.10, 0.19)

—0.003 (=0.03, 0.02)

0.002 (—0.005, 0.009)
0.003 (—0.02, 0.03)
0.004 (—0.01, 0.019)

—0.003 (—0.02, 0.01)

—0.06 (—0.51, 0.39)4

Abbreviations: ACR, albumin-to-creatinine ratio; BMI, body mass index; CRP, C-reactive protein; GFR, glomerular filtration rate; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; SD, standard deviation.

2Age-, gender-, and race-adjusted.

bStandardized.

cSickle cell trait genotyping was done for Black participants only.

dSickle cell trait was adjusted for age and gender, but not adjusted for race.
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TABLE 3 | Classification of diabetes based on HbA1lc at two REGARDS visits. HbA1lc was measured at visit 1 (2003-2007) in frozen packed cells

and at visit 2 (2013-2016) in frozen whole blood.

Diabetes classification method

Percentage of participants

Fasting or random glucose + clinical history HbAlc Visit 1 Visit 2
No diabetes No diabetes 885 (96.5%) 896 (97.7%)
Diabetes 32 (3.5%) 21 (2.3%)

Note: Diabetes defined as fasting glucose >126 mg/dL or random glucose >200mg/dL or self-report of diabetes or taking anti-diabetes medications or HbAlc>6.5%.

visit correlated similarly as the baseline samples with glucose
and other correlates. There was excellent agreement between
HbA1c and glucose criteria for defining absence of diabetes.

Pre-analytical factors including sample freezing and storage
time affect use of HbAlc values in clinical practice. There are
limited published data on HbA1lc testing of samples frozen for
many years in the context of epidemiologic or other research
studies. In the Atherosclerosis Risk in Communities study,
Selvin et al. reported a strong correlation between HbAlc re-
sults from frozen whole blood samples stored for a short period
of time (samples were frozen at —70°C after collection, shipped
to the biorepository, and assayed for HbAlc upon arrival) and
those stored for 11-14 years at —70°C. Testing for short-term and
long-term stored samples was performed using ion-exchange
HPLC assays. While correlation between short-term and long-
term stored sample results was high (r=0.97), an upward bias
of 0.35% was observed in long-term stored samples. It has been
noted that hemoglobin adducts formed as a result of degrada-
tion can influence the charge characteristics of the molecule and
interfere with ion-exchange HPLC assays [7], but whether this
underlies the observed bias in the previously referenced study is
unclear. The present study used an immunoassay, which should
not be affected by alterations in charge. In a published compar-
ison of effects of whole blood storage on HbAlc measurements
using various types of assays (boronate-affinity HPLC, ion-
exchange HPLC, and immunoassay), the immunoassay exhib-
ited the best stability in samples stored at —20°C [8]. Our pilot
data also showed sample types should not affect analyses. In our
pilot study, HbA1c values for frozen or fresh whole blood sam-
ples strongly correlated with HbAlc values for frozen packed
cell samples (r>0.84). In REGARDS, HbaAlc values and cor-
relates were similar from the first to the second visit. In agree-
ment, in previous research, among people without diabetes over
time, HbA1c changed minimally over a 5-year period [19]. This
supports the validity of methods for HbAlc measurement used
in our study.

Consistent with our findings, a previous study in participants of
The Malaysian Cohort study found 3.3% of individuals with fast-
ing glucose <126 mg/dL were not classified as meeting the dia-
betes cut-point using HbAlc>6.5% [20]. Among people without
diabetes, HbAlc is associated with fasting plasma glucose [21],
age [21-23], gender [24], race [25], systolic blood pressure [26],
BMI [21, 27|, HDL [27], triglycerides [27], CRP [23], hemoglo-
bin [21], and kidney function [28, 29]. Most of those associations
were similarly modest compared to our findings. In the present
study, associations of HbAlc with fasting plasma glucose, tri-
glycerides, HDL, BMI, and CRP were of similar magnitude at
both visits. These findings provide support for our measurement

method validity. We saw a stronger association between race
and HbAlc at the first visit compared to the second visit, al-
though the overall association was small. The difference over
time could be because packed cells were used at the first visit,
while frozen whole blood samples were used at the second visit
or due to differences in health status over time not accounted
for. Although the pilot study indicated a strong correlation in
HbAIc values between frozen whole blood samples and packed
cells, it is still possible that the difference in sample types af-
fected this association.

In concordance with previous findings [26, 30], this study
showed HbA1c was not associated with diastolic blood pressure
and LDL in people without diabetes. Our results also showed
that HbAlc was not associated with sickle cell trait in Black
people. A previous study, which used HPLC to measure HbAlc,
reported that HbA1lc values were lower in Black Americans with
sickle cell trait compared to those without [31]. Measurement of
HbAIc depends on a normal erythrocyte life span [32], and he-
moglobinopathies have varying effects on HbA1lc concentrations
[32, 33]. Unlike people homozygous for hemoglobin S variant
(HDbS), people with sickle cell trait may have normal erythrocyte
survival, and HbAlc can be used to assess their glycemic status
as long as HbS does not interfere with the assay method or glu-
cose binding [32]. HbS does not interfere with the immunoassay
method used in our study [34], but it affects HPLC methods [32].

HbAIc was not associated with kidney function. This conflicts
with prior evidence that showed associations [28, 29]. This dif-
ference in findings could be due to different measurement meth-
ods for HbAlc (HPLC vs. immunoassay) or that the weak prior
observed associations were observable as these studies had a
very large sample size.

There are limitations to consider in this research. To achieve
our goal of assessing validity of our measurement methods,
the studied sample only included people without diabetes, so
findings do not apply to those with diabetes. Prior to storage,
blood samples were frozen on ice and shipped overnight. A
recent report indicated that sample transport could cause
hemolysis and affect HbAlc levels [35]. We did not measure
HbA1lc in fresh whole blood compared to measurements years
later in frozen samples, but instead presented the pilot study,
correlates of HbAlc in stored samples at two time points as a
way to indirectly assess reliability. Over 10years between the
first and second visits, 21.8% of participants died and 24.7%
withdrew (i.e., 97.5 annual retention). There was no evidence
of selection bias due to differences in attrition by sociodemo-
graphic and clinical characteristics [36]. REGARDS only in-
cluded middle-aged and older Black and White participants.
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The findings here may not apply to younger people or other ra-
cial/ethnic groups. Additionally, findings are intended for re-
search and not diagnostic purposes and should be interpreted
accordingly. The mean HbAIc at the first and second visits
was within the lower range of the prediabetes range because
REGARDS participants were middle-aged older adults with a
higher BMI. This should not impact study conclusions that the
measurement methods used were sufficient for epidemiologic
applications.

Notwithstanding these limitations, there are several strengths.
Our study spanned a considerable amount of time and included
measures of HbAlc in both whole blood samples and packed
cells. We also investigated several known correlates of HbAlc.
To our knowledge, this is one of the few longitudinal studies to
investigate HbAlc over a long period of time in people without
diabetes and to examine HbA1c in samples after long-term stor-
age and in whole blood samples and packed cells.

In conclusion, in REGARDS, HbAlc measurements appeared
valid for both frozen whole blood and frozen packed cell sam-
ples stored at —80°C for up to 14years in people without diabe-
tes. Future studies should extend these findings to people with
diabetes and address calibration of HbAlc to detect diabetes.
Future studies could also determine whether HbA1lc measured
with frozen packed cells or whole blood stored for years predicts
incident diabetes and cardiovascular outcomes.
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