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Background: Clinical trials require assays that provide
consistent results during the course of a study. The
hemoglobin A1c (HbA1c) assay, a measure of chronic
glycemia, is critical to the study of diabetes control and
complications.
Methods: The Diabetes Control and Complications
Trial (DCCT) and its follow-up study, the Epidemiology
of Diabetes Interventions and Complications (EDIC),
required 20 years of consistent HbA1c results, measured
by three different ion-exchange HPLC procedures. To
maintain and document consistent HbA1c results mea-
sured in the DCCT and EDIC Central Biochemistry
Laboratory, a backup laboratory used frozen hemoly-
sates as long-term calibrators and a HPLC method with
a single lot of Bio-Rex 70 resin.
Results: Over 20 years, long-term quality-control values
have remained constant. Four studies of nondiabetic
ranges produced nearly identical values [mean (SD),
5.1 (0.5)%, 4.9 (0.3)%, 5.0 (0.4)%, and 5.0 (0.3)%].

Conclusion: The overall consistency of the HbA1c as-
says during the 20-year course of the DCCT and EDIC
has been critical in establishing the benefits of intensive
therapy and in understanding the relationship between
long-term glycemia and the development and progres-
sion of the complications of diabetes.
© 2005 American Association for Clinical Chemistry

The Diabetes Control and Complications Trial (DCCT)5

demonstrated the benefits of intensive glycemic control
on the long-term microvascular and neurologic complica-
tions of type 1 diabetes mellitus (1–5). Essential to this
decade-long study was the availability of a consistent,
reliable hemoglobin A1c (HbA1c) assay (6 ). In addition,
the follow-up study of the DCCT, the Epidemiology of
Diabetes Interventions and Complications (EDIC), now in
its 10th year, required similarly consistent HbA1c results
that could be compared with the DCCT results (7, 8).
With three changes in the methodology for HbA1c, sus-
taining comparable values continuously during the 20
years of the DCCT and EDIC has presented a major
challenge. In this communication, we describe the mea-
sures taken to assure consistency of the HbA1c results
over two decades of study.

1 Department of Laboratory Medicine and Pathology, University of Min-
nesota, Minneapolis, MN.

2 Biostatistics Center, the George Washington University, Rockville, MD.
3 Departments of Pathology and Anatomical Sciences and Child Health,

University of Missouri, Columbia, MO.
4 Fairview University Medical Center, Minneapolis, MN.
*Address correspondence to this author at: University of Minnesota,

Department of Laboratory Medicine and Pathology, MMC 609, 420 Delaware
St. S.E., Minneapolis, MN 55454. Fax 612-273-3489; e-mail steff001@umn.edu.

Address for reprints: The DCCT/EDIC Research Group, Box NDIC/
DCCT, Bethesda, MD 20892.

Received August 26, 2004; accepted January 6, 2005.
Previously published online at DOI: 10.1373/clinchem.2004.042143

5 Nonstandard abbreviations: DCCT, Diabetes Control and Complications
Trial; HbA1c, hemoglobin A1c; EDIC, Epidemiology of Diabetes Interventions
and Complications; CHL, Central Hemoglobin Laboratory; BHL, Backup
Hemoglobin Laboratory; QC, quality control; NGSP, National Glycohemoglo-
bin Standardization Program; and UKPDS, United Kingdom Prospective
Diabetes Study.

Clinical Chemistry 51:4
753–758 (2005) General Clinical

Chemistry

753

D
ow

nloaded from
 https://academ

ic.oup.com
/clinchem

/article/51/4/753/5629653 by guest on 21 August 2022



Materials and Methods
overview
The DCCT enrolled 1441 individuals with type 1 diabetes
mellitus, beginning in 1983 (9 ). Although the DCCT
ended in 1993 (1 ), EDIC, the follow-up study, continues to
the present. To sustain the consistency of the HbA1c

values over the combined duration of these studies, the
assay systems used to measure HbA1c have been cali-
brated and monitored against a single reference proce-
dure (6 ). Together these assays defined a consistent
nondiabetic range (4.0–6.05%) over the course of the
DCCT (1 ) and EDIC. Furthermore, the outcomes of these
studies set the basis of the HbA1c treatment goal (7%)
recommended by the American Diabetes Association (10 ).

laboratories
The Central Hemoglobin Laboratory (CHL) and Backup
Hemoglobin Laboratory (BHL) were established in 1983.
The CHLs have analyzed all routine HbA1c specimens for
the DCCT and EDIC. The BHL has provided external
quality control (QC) and backup laboratory services for
the CHL. The CHL was initially located at the Joslin
Diabetes Center (Boston, MA); the BHL has been contin-
uously located at the University of Missouri-Columbia
School of Medicine (6 ). In 1986, all measurements of
HbA1c were temporarily moved to the BHL for 6 months,
until the CHL was moved to the University of Minnesota
(Minneapolis, MN). New instruments with automated
capacity [initially Diamat HPLC (Bio-Rad Laboratories)
and subsequently Tosoh A1c 2.2 Plus HPLC (Tosoh
Medics, Inc.)] were introduced in Minnesota. For all CHL
assays, calibrators were assigned values based on com-
parisons between the CHL and the BHL (see below).
Separate QC aliquots were assayed in the CHLs to deter-
mine acceptance of each assay run.

reference method at the bhl
The BHL has performed the reference method for HbA1c

during the entire course of the DCCT and EDIC, using a
HPLC assay with Bio-Rex 70 ion-exchange resin, as de-
scribed in detail previously (6 ). Whole blood was trans-
ported at 4 °C on wet ice by overnight courier from
clinical centers to the BHL. The labile glycated fraction
was removed by incubation of washed, packed erythro-
cytes in saline at 37 °C for at least 5 h, with subsequent
lysis of the erythrocytes in water. Cellular debris was
removed by mixing with CCl4 followed by centrifugation;
the hemolysate sample was injected on the HPLC column.
The HbA1c fraction eluted after HbA1a and HbA1b and
before the HbA0 fractions. Percentage HbA1c was calcu-
lated by dividing the area under the HbA1c peak by the
total area under all peaks.

Four lots of calibrators have been prepared at the BHL
(for the BHL method only) since 1978 with blood from
single nondiabetic donors according to preparation meth-
ods similar to those for patient samples. Aliquots of
calibrator hemolysates for single use were stored at

�70 °C or in liquid nitrogen until the day of analysis. A
long-term QC sample was first prepared at the Joslin
Diabetes Center laboratory (Boston, MA) in 1983, by use
of pooled blood collections from patients with diabetes
mellitus (6 ). The hemolysate preparation was similar to
that prepared at the BHL. In addition to the long-term
(QC) sample, the Joslin CHL also prepared low, medium,
and high pooled controls, which were used at both Joslin
and the BHL between 1983 and 1987. The BHL then
prepared additional control materials, using single dia-
betic and nondiabetic donors; these control materials were
used from 1987 to present.

first chl method
The first CHL, based at the Joslin Diabetes Center, used a
HPLC method identical to the method used at the BHL
until early 1986, with calibration and internal QC proce-
dures as described previously (6 ).

second chl method
At the University of Minnesota (Minneapolis, MN), a
Diamat HPLC dedicated ion-exchange system was used
from November 1986 until April 2002 (1 ). The Diamat
instrument was calibrated daily by use of a single calibra-
tor provided by the manufacturer (with a value of 8–9%)
standardized to the BHL reference system. Nominal val-
ues for this calibrator were adjusted based on compari-
sons between the CHL and BHL for the samples assayed
in both the CHL and BHL. With each new lot of calibrator,
values were checked and adjusted based on analysis with
the previous calibrator. Occasionally (e.g., with changes in
columns at the CHL), in-house whole-blood materials
were exchanged between the CHL and BHL to verify CHL
calibration. These comparisons were in addition to the QC
specimens used by the CHL to monitor the assay with
each run and to accept or reject the run. During the DCCT
and EDIC, different lots of columns and reagents were
provided by Bio-Rad, some with apparently different
performance characteristics; these are noted when appro-
priate.

third chl method
In April 2002, a Tosoh A1c 2.2 Plus dedicated ion-
exchange HPLC system replaced the Diamat system at the
CHL. The Tosoh 2.2 Plus was calibrated weekly by use of
two calibrators provided by the manufacturer (usually
with values of �5% and 11% for each calibrator), with
values adjusted based on comparisons with the BHL and
with consistency checked as described above for the
Diamat. All data reduction was performed automatically;
analysis time was 3 min. The transition from the Diamat
to the Tosoh instrument was monitored with 178 samples,
showing consistency (r2 � 0.992; y � 1.036x � 0.236,
where x is the Diamat and y is the Tosoh 2.2 Plus) between
the instruments.
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external qc for chl analyses
For external QC throughout the DCCT, �10% of the
specimens were prepared as split duplicates at the clinical
centers; samples were sent masked to the BHL and CHL
(1 ). On a quarterly basis, some centers shipped additional
split-duplicate specimens to both the CHL and BHL. After
1993, 10 samples were exchanged monthly between the
CHL and BHL. Beginning in May 1996, this monthly
10-sample exchange became part of the National Glyco-
hemoglobin Standardization Program (NGSP) network
monitoring program. Differences between the BHL and
CHL were used as needed to recalibrate the assays in the
CHL, as described above. In addition, 5–10% of specimens
were split and sent as duplicates, to check on reliability of
the system from collection through shipping, analysis in
the laboratory, and reporting to the Biostatistics Center at
George Washington University.

reproducibility of the nondiabetic range
As an additional check to ensure that the HbA1c assay did
not drift over the course of the DCCT and EDIC studies,
four nondiabetic range studies were performed with the
assumption that the true nondiabetic range should not
change over time (1 ). The first study was performed in
1983 at the onset of the DCCT; the second study in 1988
after the CHL changed from Joslin to Minnesota; the third
study in 1992 at the end of the DCCT; and the fourth
study in 2000, during EDIC. For each study in 1983, 1985,
and 1992, nondiabetic individuals were enrolled, selected
to match the age and gender distributions of the DCCT/
EDIC groups at baseline; in 2000, the age and gender
distribution matched the contemporary age of the EDIC
participants. Thus, the nondiabetic individuals in 2000
were older than the previously measured nondiabetic
groups. All were recruited from all participating clinical
sites in the United States and Canada. Before 2000, local
glucose values were used to assure nondiabetic status. For

the 2000 study, fasting glucose was measured centrally
with a glucose oxidase method [on a Vitros analyzer
(Ortho Clinical Diagnostics)] at the CHL to assure that no
participants had impaired fasting glucose or diabetes
mellitus. HbA1c was analyzed by both the CHL and BHL.

statistical analyses
Values are reported as the mean (SD). The coefficient of
reliability was determined as: (between-specimen vari-
ance � within-specimen variance)/(between-specimen
variance � within-specimen variance) (11, 12). Compari-
sons over time and among values were completed by use
of standard parametric procedures with the SAS statistical
package, Ver. 8.2, (SAS Inc.).

Results
stability of a reference method for two decades
Yearly means for a very long term lot of frozen hemoly-
sate used for nearly two decades as a QC specimen by the
BHL are shown in Fig. 1. The overall CV for this specimen
was �2% from 1984 through 2003, and results remained
very close to the value originally established in 1984
[8.28 (0.10)%]. However, beginning in 2001, this lot of
hemolysate demonstrated a small reduction in measured
values, with clear evidence in 2003 (presumably attribut-
able to deterioration of the material). Thus, we relied on
the other control samples to demonstrate the consistency
of the assay, with the overlapping lots demonstrating
equally good stability over time (Fig. 1).

The nondiabetic range studies, postulated to demon-
strate no changes in mean values in a healthy nondiabetic
population over time, also confirmed the stability of the
assay and the frozen hemolysates used for QC. The values
of HbA1c and selected characteristics of the nondiabetic
populations over the course of the DCCT and EDIC are
shown in Table 1. There were no appreciable differences
over the time span evaluated, with mean HbA1c values

Fig. 1. Mean HbA1c measured by the BHL for one
very long term QC specimen (F) and six additional
QC specimens measured for shorter periods to
demonstrate consistency throughout the DCCT and
EDIC.
Each point represents the mean of 34–653 measurements
during each year of use. For each point the CV was �3%.
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from 1983, 1992, and 2000 not statistically significantly
different from one another. The 1988 mean was slightly
but statistically significantly lower than in 1983 (P �0.01),
in 1992 (P �0.02), and in 2000 (P �0.01). Also shown in
Table 1 are comparisons within different age groups
(reading horizontally). The values across the different
years were nearly identical, with the values from 1988
slightly lower for the �20 year and 20–29 year groups
(Table 1), mirroring the results of the whole populations
sampled (Table 1). HbA1c results from all years studied
for the 30–39 year group were not significantly different.

monitoring of HbA1c values in the central
and reference laboratories over time
The split duplicate samples (i.e., aliquots of the same
collection) sent separately to the CHLs showed consis-
tency, with a coefficient of reliability �0.99 spanning the
20 years of the DCCT/EDIC. Overall HbA1c values in the
CHL vs the BHL differed slightly throughout the DCCT
and for most of EDIC. However, despite efforts to sustain
similar values, there were small differences between the
CHL Diamat and the BHL, especially in the high HbA1c

concentration range (�10% HbA1c), which increased be-
ginning in 1995 until the CHL Diamat was replaced by the
Tosoh 2.2 Plus in 2002. We addressed the timing (and the
possible causes) for the differences between the methods
that occurred during EDIC by examining the differences
over time and within each lot of columns and reagents
supplied by Bio-Rad, believing that most of the differ-
ences occurred with changes in columns and reagents. In
doing so we found that the performance of column Lot M
(which was used in the laboratory March 1993 to July
1996) deteriorated over the last half of its life (data not
shown). To determine the relative magnitude of the
differences post-DCCT, we used the mean values of the

differences from 1987 to mid-1993 (covering the perfor-
mance of the Diamat during the DCCT) as the baseline.
We then subtracted the 1987–1993 values from each of the
mean values in EDIC, with the results presented in Fig. 2.
Only for HbA1c values �10% were the absolute differ-
ences in mean values �0.2%.

In April 2002, the Tosoh A1c 2.2 Plus replaced the
Bio-Rad Diamat in the CHL. The performance of the
method was similar to the performance of the Diamat
method during the DCCT (1987–1993) at HbA1c concen-
trations �10% and was only slightly higher (0.2%) in the
�10% HbA1c range (Fig. 2).

Discussion
The DCCT/EDIC Study and the United Kingdom Pro-
spective Diabetes Study (UKPDS) have shown that inten-
sive treatment of diabetes mellitus, aiming for normogly-
cemia, decreases the development and/or progression of
long-term complications in type 1 and type 2 diabetes
mellitus, respectively (1, 8, 13–15). Both the DCCT and
UKPDS have also shown a strong correlation between
HbA1c concentrations and complications (16, 17). The
conclusions of these studies rest on long-term consistency
of the HbA1c methods; i.e., the assays delineated in this
report. Many other studies and clinical trials have used
HbA1c to measure long-term glycemic control [see Krish-
namurti and Steffes (18 ) for a review of these studies]. In
the UKPDS, Cull et al. (19 ) developed protocols to main-
tain consistency of their HbA1c assay, similar to the
DCCT/EDIC experience. The UKPDS used a Diamat
assay (19 ) identical to that used for the greater part of the
DCCT and EDIC.

By maintaining the same assay method over time at the
BHL, we were able to monitor and achieve consistent
HbA1c results throughout the DCCT and EDIC. Calibra-

Table 1. HbA1c by age in nondiabetic study participants, with approximately equal numbers of men and women in each
group or subgroup.a

1983 1988 1992 2000

Mean (SD) age, years 24.9 (8.4) 25.8 (8.3) 25.2 (9.2) 39.6 (11.0)
n 119 150 151 197

Mean (SD) HbA1c, %
All participants 5.1 (0.5)b 4.9 (0.3)c 5.0 (0.4)b 5.0 (0.3)b

n 119 150 151 197
Under 20 years 5.1 (0.5)b 4.9 (0.3)c 5.0 (0.3)b,c

n 40 44 53
20–29 years 5.1 (0.6)b 4.8 (0.3)c 5.0 (0.4)b 4.9 (0.3)b,c

n 35 52 45 49
30–39 years 5.0 (0.4)b 5.0 (0.4)b 5.0 (0.4)b 5.0 (0.3)b

n 39 54 48 45
40–49 years 5.0 (0.3)

n 47
Over 50 years 5.2 (0.3)

n 51
a The data designated as years of age represent subsets (for which we have at least 30 participants) of the overall data presented as “All participants”.
b,c For comparisons within each age group (reading horizontally), HbA1c values with different letters were significantly different (P �0.05), whereas values sharing

the same letter were not significantly different.
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tion to the BHL reference method provided stable results
at the CHL, despite several changes in HbA1c methodol-
ogy. Moreover, the stability and precision of the HbA1c

assay have enabled the DCCT/EDIC Research Group to
assess HbA1c as a risk factor for complications for a
decade after the DCCT ended (8, 15, 20).

The challenge of maintaining consistent values over
two decades was compounded by the absence of a true
standard for the assay. We were not able to precisely
match the values from the CHL and BHL. The Diamat
with single-point calibration was suboptimal in maintain-
ing consistent values between the CHL and BHL at higher
HbA1c concentrations in both the DCCT and EDIC. The
Tosoh A1c 2.2 Plus method also demonstrated somewhat
greater variance with the BHL at the highest HbA1c

concentrations, although to a lesser degree than the Dia-
mat, possibly because of the two-point calibration of the
2.2 Plus. Whether some of these differences may relate to
properties of the Bio-Rex resin used in the BHL method
and/or to the single-point calibration of the Bio-Rex assay
is not clear. In addition, the values of calibrators may not
have been optimal to produce accurate values in the high
ranges. Thus, even with the consistent exchange of sam-
ples between the BHL and the CHL, at higher HbA1c

concentrations, the differences between the methods in-
creased during the last years of Diamat use. Perhaps this
was attributable to the Diamat calibrators having values
of �8%, below the values where the BHL and CHL
differed to the greatest extent. However, it should be
noted that only 12% of DCCT patients and 7.5% of EDIC
patients had HbA1c concentrations �10%. Thus, there was
little impact on the conclusions from these studies over
nearly two decades of the DCCT and EDIC, despite
changes in HbA1c methodology.

The success of the NGSP in standardizing HbA1c

testing over the past several years (21 ) should allow
continued consistency in results over time in many labo-
ratories. This will facilitate prospective studies of relation-

ships between glycemia and complications and ensure
comparability among studies. It will also ensure optimal
use of HbA1c as a tool in patient care, especially with the
American Diabetes Association stating a target value of
7% using methods traceable to DCCT values (10 ). New
reference procedures have been proposed (22 ), and these
may be used in conjunction with the NGSP to base the
HbA1c assays on definitive standards and methods. In
addition, methods continue to improve with regard to
precision and specificity. For these reasons, we expect that
variation of results over time and among laboratories will
progressively diminish, thereby providing even more
consistency of HbA1c results.

This work was supported by contracts with the Division
of Diabetes, Endocrinology, and Metabolic Disease of the
National Institute of Diabetes and Digestive and Kidney
Diseases and the General Clinical Research Center Pro-
gram, National Center for Research Resources.
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