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OBJECTIVEdThe aim of this study was to evaluate HbA1c as an alternative criterion for
impaired glucose tolerance (IGT) or type 1 diabetes (T1D) in high-risk subjects,21 years of age.

RESEARCHDESIGNANDMETHODSdSubjects,21 years of age who participated in
the prospective DPT-1, TEDDY, TRIGR, and Type 1 Diabetes TrialNet Natural History (TrialNet)
studies and had an HbA1c within 90 days of an OGTT with a 2-h plasma glucose (2-hPG) measure
were included. AnOGTTof 140–199mg/dL defined IGT, and anOGTTwith2-hPG$200mg/dLor
fasting plasma glucose $126 mg/dL defined diabetes. HbA1c $5.7% defined IGT, and HbA1c $
6.5% defined diabetes. Receiver-operating characteristic curve analysis was used to assess diagnostic
accuracy of HbA1c compared with OGTT.

RESULTSdThere were 587 subjects from DPT-1, 884 from TrialNet, 91 from TEDDY, and
420 from TRIGR. As an indicator for IGT, HbA1c sensitivity was very low across the studies (8–
42%), and specificity was variable (64–95%). With HbA1c $6.5% threshold used for T1D di-
agnosis, the sensitivity was very low and specificity was high (sensitivity and specificity: DPT-1
24 and 98%, TrialNet 28 and 99%, TEDDY 34 and 98%, and TRIGR 33 and 99%, respectively).
The positive predictive value of HbA1c $6.5% for the development of T1D was variable (50–
94%) across the four studies.

CONCLUSIONSdHbA1c $6.5% is a specific but not sensitive early indicator for T1D in
high-risk subjects,21 years of age diagnosed by OGTT or asymptomatic hyperglycemia. Rede-
fining the HbA1c threshold is recommended if used as an alternative criterion in diagnosing T1D.

E levated HbA1c has been proposed by
the joint American Diabetes Associ-
ation (ADA), International Diabetes

Federation, and European Association for
the Study of Diabetes International Ex-
pert Committee (IEC) as an alternative

criterion for the diagnosis of diabetes
(1). HbA1c reflects a 90-day moving aver-
age of blood glucose concentrations,
weighted more heavily toward the last
30 days, and may be more stable in the
presence of significant day-to-day glycemic

variation (2). The recommended thresh-
olds are $5.7% for impaired glucose tol-
erance (IGT) and $6.5% for diagnosis of
diabetes on two tests (1). These thresh-
olds were established based on research
conducted in adults with type 2 diabetes
(T2D) who demonstrated significant cor-
relations with HbA1c $6.5% and higher
prevalence of retinopathy and nephropa-
thy (1,3). While recent research has sub-
stantiated rising HbA1c as a predictor of
type 1 diabetes (T1D) in both young (age
,15 years) (4) and adult (median age
.50 years) populations (5), data demon-
strating appropriate HbA1c thresholds for
diagnosing T1D are lacking.

In.50% of children (6), diagnosis is
made when characteristic symptoms
(polyuria, polydipsia, and weight loss)
are associated with elevated blood glu-
cose. The most widely used screening
test in children is random plasma glucose
(RPG) with characteristic symptoms, di-
agnostic if $200 mg/dL (11.1 mmol/L)
and confirmed in a laboratory. Asymp-
tomatic cases are rare and usually picked
up on screening of urine (glucosuria or
ketonuria) or blood (hyperglycemia) or
among subjects known to be positive for
islet autoantibodies. In these cases, fasting
plasma glucose (FPG) and a 2-h oral glu-
cose tolerance test (OGTT) are recom-
mended and diagnostic if abnormal on
two separate days. It is in these individu-
als that HbA1c has gained appeal as a po-
tential diagnostic indicator that would
preclude the need for fasting tests and
provide diagnostic data (1).

Although there are many proponents
for including HbA1c as an alternative cri-
terion for diagnosing diabetes, full con-
sensus has not yet been achieved (7).
Most studies evaluating HbA1c against the
gold standard of the OGTT were carried
out in subjects at increased risk for T2D
(7). In contrast, few studies have assessed
the sensitivity and specificity of HbA1c in
children and adolescents: the age-group
with the highest incidence of T1D.

The purpose of this study was to deter-
mine the utility of HbA1c as an alternative
criterion in diagnosing IGT and T1D in
high-risk subjects ,21 years of age.
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RESEARCH DESIGN AND
METHODSdThe population for this
study was derived from four prospective
studies: Diabetes Prevention Trial–Type 1
(DPT-1) (8), Type 1 Diabetes TrialNet
Natural History (TrialNet) (9), The Envi-
ronmental Determinants of Diabetes in
the Young (TEDDY) (10), and Trial to Re-
duce IDDM in the Genetically at Risk
(TRIGR) (11). All subjects ,21 years of
age with an HbA1c and OGTT drawn
within 90 days of each other were eligible
for the primary analysis. IGT and T1D
were defined using the joint IEC criteria:
OGTT 2-h plasma glucose (2-hPG) be-
tween 140 and 199 mg/dL (7.8 and 11.0
mmol/L) was classified as IGT, and FPG
$126 mg/dL ($7.0 mmol/L) or OGTT
2-hPG $200 mg/dL ($11.1 mmol/L)
was classified as T1D (1). The primary ob-
jective was to assess how well HbA1c per-
formed in diagnosing T1D and IGT
compared with the OGTT. To do this,
the maximum HbA1c collected within a
90-day window before or after the
OGTT was used; the two measures were
paired to assess the sensitivity and speci-
ficity. For those diagnosed with T1D or
IGT, the diagnostic HbA1c and OGTT
pair was used, and for those without T1D/
IGT the maximum HbA1c-OGTT pair
across the follow-up period was used. Sec-
ondary analysis evaluated the subjects di-
agnosed with T1D who did not have an
OGTT within the 90-day window in
TEDDY and DPT-1 but had HbA1c col-
lected within 7 days for TEDDY and 90
days for DPT-1 of diagnosis based on
symptoms, FPG, RPG, and/or asymptom-
atic hyperglycemia (i.e., the diagnostic
HbA1c was used). These subjects may
have been clinically different but met the
IEC criteria. The details for these four
studies have previously been described
(8,9,10,11).

DPT-1
Autoantibody-positive subjects 3–20
years of age who had a first- or second-
degree relative with T1D were enrolled
from February 1994 to October 2002
and followed until September 2003.
HbA1c and OGTT were captured every 6
months once positive autoantibodies
were confirmed. All sample assays were
performed at a central core laboratory.

TEDDY
Subjects with high-risk HLA genotypes
were enrolled at 3 months of age starting
in September 2004 and followed for up
to 6 years of age (January 2011). Their
HbA1c and FPG were collected at first
appearance of autoantibodies starting as
early as the 12-month visit. If the subject
remained antibody positive, HbA1c and
FPG were collected every 3 months. Col-
lection of these measures was stopped if
the subject reverted to antibody negative
and remained negative for at least 12
months. HbA1c samples were evaluated
at a central core laboratory and OGTT
at a local laboratory.

TRIGR
TRIGR is a randomized, double-blind
clinical trial with two groups (treatment
and control). For this analysis, only sub-
jects from the control group were eligible.
Subjects with a first-degree relative with
T1D were enrolled at birth between May
2002 and February 2007 and followed
until January 2011. HbA1c and OGTT
measures were collected regardless of
autoantibody status. HbA1c was mea-
sured at 12 and 18 months and then an-
nually between 2 and 10 years of age.
OGTTs were performed at 6 years of age
and if there was a suspicion of diabetes. All
samples were assayed at site-specific local
laboratories.

TrialNet
Autoantibody-positive subjects 1–20
years of age with a first-, second-, or
third-degree relative with T1D were en-
rolled starting in February 2004 and fol-
lowed until March 2011. HbA1c and
OGTT were performed every 6 months
for the autoantibody-positive subjects.
All laboratory assays were performed
at a central core laboratory.

Laboratory methods
HbA1c. DPT-1, TrialNet, and TEDDY
studies used single-core laboratories that
processed HbA1c using the National Gly-
cohemoglobin Standardization Program
(NGSP)-certified method. DPT-1 and
TrialNet samples were processed at the
Northwest Lipids Research Laboratory
in Seattle, Washington. TEDDY samples
were processed at the Diagnostic Diabetes
Laboratory in Columbia, Missouri. Both
laboratories measured HbA1c using ion-
exchange high-performance liquid chro-
matography with G7 and G8 autoanalyzers
(imprecision coefficient of variation,1.3%)
(TOSOH Bioscience, San Francisco, CA)
standardized using the Diabetes Control
and Complications Trial (DCCT) refer-
ence method. TRIGR processed the sam-
ples at site-specific laboratories using
high-performance liquid chromatography
(TOSOH, Siemens, or Bayer DCA), immu-
noturbidimetry (TINA-Quant; Roche Di-
agnostics), spectrophotometry, inhibition of
latex agglutination, liquid high-pressure
boronate chromatography, cation exchange
chromatography, or automated boronate
affinity assays. There were 77 TRIGR sites
in North America, Europe, and Australia.
The U.S. and Canadian NGSP reference
ranges and most European sites used In-
ternational Federation of Clinical Chemis-
try and Laboratory Medicine (IFCC) or
DCCT ranges. The Swedish, Czech Re-
public, and Australian clinical centers
used the Mono S normal ranges or IFCC
reference ranges. These measures were con-
verted to NGSP reference ranges for com-
parison in the analyses [Czech/Swedish:
NGSP% = (0.9148 3 IFCC) + 2.152;
Swedish Mono S: NGSP% = (0.923 3
Swedish %) + 1.345] (12).
OGTT. DPT-1 and TrialNet evaluated
OGTT samples using a photometric mea-
surement of D-glucose absorbance using
Modular P autoanalyzer (Roche Diagnos-
tics, Indianapolis, Indiana). TRIGR eval-
uated OGTT samples at each of the 77
sites using one of the following: Olympus
AU5400 IZASA SA (Beckman Coulter);
Synchron UniCel DXc600; Beckman

Table 1dEligible population by study and T1D method of diagnosis

Total
population

,21years of age

Subjects with
HbA1c-OGTT

pairs
Subjects with
HbA1c only

Method of T1D diagnosis

OGTT
Symptomatic
with RPG

Asymptomatic
with RPG

DPT1 618 587 376 135 89 33
TrialNet 942 884 785 87 24 4
TEDDY 8,677 91 69 33 38 11
TRIGR 1,078 420 417 3 72 3**

Data are n. **N = 14 subjects diagnosed with T1D without symptoms and without HbA1c measure within 90
days. These subjects were assessed in the secondary analysis evaluating the use of HbA1c in diagnosing T1D in
asymptomatic hyperglycemic children.
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Coulter LX20 Pro; Ortho Vitros; Roche P
autoanalyzer; Konelab Prime 60 J, Tremo
Bio, Meriux; Olimps AV640; Double P
Molecular System, Roche; and Onetouch
Ultra, LifeScan. The TEDDY OGTT sam-
ples were processed at each local site using
an enzymatic determination of hexokinase
(Cobas 6000; RocheDiagnostics) orADVIA
Hexokinase at the Finland sites, Hemocue
at the Swedish sites, a calibrated Freestyle
Lite meter at the Georgia and Washington
sites, and the YSI 2300 STAT analyzer at
the Colorado site.

Statistical analysis
Data were analyzed using the Statistical
Analysis System software (Version 9.2,
SAS Institute, Cary, NC). Characteristics
of subjects from each of the four studies
were summarized and compared as fol-
lows: categorical variables were analyzed
using Pearson x2 or Fisher exact tests.
Continuous variables were tested using
ANOVA for differences in means. Receiver-
operating characteristic (ROC) curves
were used to evaluate the diagnostic per-
formance of the recommended HbA1c

cut points for IGT (HbA1c $5.7%) and
T1D (HbA1c $6.5%). Optimal thresh-
olds for HbA1c versus OGTT were iden-
tified using three methodologies:
1) minimum distance to the point closest
to (0,1) on the ROC curve (13); 2) Youden
index, i.e., maximum of the sum of the
sensitivity and specificity (14); and 3)
positive likelihood ratio, where the ratio
of the sensitivity to 1 2 specificity pro-
vides the greatest positive predictive
value used to determine a cut point
(15). Prognostic accuracy was evaluated
in each study with ROC analysis adjusted
for censoring (the C-statistic). The area
under the curve was calculated using
the trapezoid rule.

RESULTSdThere were 587 subjects
from DPT-1, 884 from TrialNet, 91 from
TEDDY, and 420 from TRIGR. Based on
OGTT, 135 were diagnosed with T1D in
DPT-1, 87 in TrialNet, 33 in TEDDY, and
3 in TRIGR. Table 1 provides the total
number of subjects ,21 years of age by
study and those eligible to participate in
this analysis. The majority of subjects
(TrialNet 98%, DPT-1 87%, TEDDY
100%, and TRIGR 99%) for the primary
analysis had an HbA1c within 30 days
of the paired OGTT. Of these, the vast
majority (TrialNet 92%, DPT-1 70%,
TEDDY 76%, and TRIGR 96%)
had a HbA1c -OGTT pair on the same
day. Baseline characteristics and P values

describing the significant differences
across the groups are shown in Table 2.

Sensitivity and specificity of HbA1c

cut points for IGT ($5.7%), T1D, and
T1D-diagnosed asymptomatic hypergly-
cemia ($6.5%) compared with OGTT
by study group are presented in Table 3.
Sensitivities and specificities were similar
across the four studies for HbA1c $6.5%
(range 23.7–33.3 sensitivity and 97.6–
99.8 specificity). Positive predictive values
(PPVs) were variable; probability was 50–
94% that a subject had T1D when HbA1c

was $6.5%. Similarly, the HbA1c $6.5%
threshold was not sensitive (27.3%
TEDDY; 13.6%DPT-1), but it was specific
(98.3% for both TEDDY and DPT-1) in
asymptomatic hyperglycemic (no OGTT
data) subjects diagnosed with T1D. TRIGR
and TrialNet were not included in this
analysis, since few asymptomatic subjects
were diagnosed. PPVs were variable, rang-
ing from 33 to 75% for the two studies.
HbA1c $5.7% sensitivities were low (8–
42%), and specificities were variable
(63–96%) in identifying IGT across the
studies. PPVs were variable and poor with

9–60% likelihood of IGT if the HbA1c was
$5.7%. In addition, the diagnostic value
of HbA1c versus OGTT for both T1D and
IGT was not statistically different by age
across the four studies.

Given that few subjects were diag-
nosed with T1D by OGTT in TRIGR, the
number of false positives (based on the
eventual development of T1Dwith HbA1c

$6.5% versus the OGTT) was assessed to
further evaluate the diagnostic utility of
HbA1c. There was only one false positive,
and this subject did not develop T1D dur-
ing the follow-up.

Lastly, ROC curves (Fig. 1A–C) com-
paring the sensitivity (true positive rate)
versus 1 2 specificity (false positive rate)
suggested lower thresholds than the cur-
rent thresholds for T1D (Fig. 1A), asymp-
tomatic T1D (Fig. 1B), and IGT (Fig. 1C).
ROC could only be performed for TEDDY
and DPT-1 because of too few asymptom-
atic subjects diagnosed in TrialNet and
TRIGR. We evaluated three statistical ap-
proaches to identify more optimal HbA1c

thresholds for the diagnosis of T1D,
asymptomatic T1D, and IGT (shown in

Table 2dCharacteristics of the study group populations with paired HbA1c-OGTT measures

DPT-1 TrialNet TEDDY TRIGR P

Total N 587 884 91 420
Sex (% male) 366 (59) 451 (52) 64 (63) 212 (51) 0.006
Relation to proband (% relative) 587 (100) 884 (100) 22 (22) 419 (100) ,0.0001
Race (% white)* 559 (95) 755 (85) 69 (97) 386 (92) ,0.0001
Age at T1D diagnosis (years), mean (SD) 12.5 (4.1) 11.2 (4.1) 2.5 (1.1) 5.2 (0.7) ,0.0001
*Missing race data: TEDDY, n = 31, and TRIGR, n = 1.

Table 3dSensitivity, specificity, and PPV of HbA1c cut point versus OGTT
or asymptomatic diagnosis by study group

Sensitivity
(95% CI)

Specificity
(95% CI) PPV

HbA1c $6.5% vs. OGTT
DPT-1 23.7 (16.8–31.8) 97.6 (95.7–98.8) 0.74
TrialNet 27.6 (18.5–38.2) 99.7 (99.1–99.9) 0.92
TEDDY 34.1 (20.5–49.9) 98.3 (91.8–99.9) 0.94
TRIGR* 33.3 (0.8–90.6) 99.8 (98.7–99.9) 0.50

HbA1c $6.5% vs. asymptomatic
diagnosis not by OGTT**

DPT-1 13.6 (2.9–34.9) 98.3 (36.3–99.4) 0.33
TEDDY 27.3 (6.0–60.9) 98.3 (90.8–99.9) 0.75

HbA1c $5.7% vs. OGTT identifying IGT
DPT-1 33.2 (28.2–38.6) 63.9 (57.7–69.8) 0.57
TrialNet 8.2 (5.4–11.8) 95.0 (92.9–96.7) 0.47
TEDDY 23.1 (5.0–53.8) 95.9 (85.7–99.5) 0.60
TRIGR* 42.0 (15.2–72.3) 88.0 (84.3–90.9) 0.09

Data are percent (95% CI). *Control subjects only. **TRIGR and TrialNet not evaluated because of few
subjects diagnosed asymptomatically.
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Fig. 1A–C). The alternative thresholds
identified for this high-risk population
were only slightly more sensitive, with a
reduction in specificity.

CONCLUSIONSdThe alternative cri-
terion proposed by the joint IEC to use

HbA1c $6.5% to diagnose T1D is prema-
ture given contradictory reports on its
utility in pediatric and adolescent popu-
lations (16,17). DPT-1, TrialNet, TEDDY,
and TRIGR are among the largest high-
risk T1D studies worldwide. Assessment
of the value of HbA1c as a diagnostic tool
in subjects,21 years of age in these four
studies demonstrated that the current
HbA1c threshold of 6.5% is not a sensitive
indicator of T1D diagnosis in high-risk
asymptomatic hyperglycemic individuals
and in those diagnosed with T1D by
OGTT. This study demonstrated that
many subjects diagnosed with T1D by
OGTT have an HbA1c,6.5%, which sug-
gests that this HbA1c cutoff is too high as
an early indicator of T1D. All four studies
provided evidence that HbA1c $6.5%
does not always mean that a subject has
T1D, as shown by varying PPVs. Addi-
tionally, HbA1c$5.7%was not a sensitive
indicator of IGT. These findings provide
evidence that HbA1c $6.5% is not an
adequate alternative criterion for diagnos-
ing T1D in high-risk subjects ,21 years
of age.

Studies of HbA1c and diabetes in pe-
diatric populations have been sparse, and
their findings have been contradictory.
A recent study from the Diabetes Inci-
dence Registry (DIARY) Group Baden
Wuerttemberg concluded that HbA1c is a
reliable measure for diagnosing T1D in
youth (17); however, these findings were
based on cross-sectional data, which only
included youth with blood glucose.200
mg/dL (11.1 mmol/L). Those with blood
glucose ,200 mg/dL were not assessed.
They noted that HbA1c $6.35% was op-
timal in their sample. A larger study using
National Health and Nutrition Examina-
tion Survey data (16) evaluated the utility
of HbA1c as a diagnostic tool for diabetes
(predominantly T2D) in an adolescent
population and concluded that HbA1c,
compared with FPG, is not a sensitive in-
dicator of diabetes in adolescence (75%
[95% CI 30–95]). This finding was con-
sistent with the current study. HbA1c may
be a promising alternative criterion for di-
agnosing T2D, which develops more
slowly over time and is characterized
by amore stable increase in hyperglycemia
because of insulin resistance. T1D arises
more rapidly, and children tend to have
more bouts of transient hyperglycemia
that may not be identified by HbA1c while
still meeting the IEC definition for diabe-
tes as measured by OGTT or FPG.

Multiple HbA1c measures over time
may show promise as an early indicator

in individuals at high risk. In the Diabetes
Autoimmunity Study in the Young (DAISY)
(4), an increase in HbA1c over time was
predictive of progression to T1D. Stene
et al. (4) reported that a 0.4% point in-
crease in HbA1c corresponded to a fivefold
increase in T1D risk withmodest increases
starting as early as 5 years prior to diagno-
sis, followed by a sharp increase 6 months
prior to diagnosis.

This analysis is not without limitations.
Our primary limitation is that our popula-
tion was all high risk, which accounts for
15–20% of all cases of T1D. Secondly,
both the TEDDY and TRIGR studies did
not conduct routine OGTTs; TRIGR only
performed OGTTs on subjects $6 years
of age, so it is possible that these subjects
were further along in T1D progression and
may have had higher HbA1c levels as a re-
sult. The TRIGR study did not use a refer-
ence laboratory for processing HbA1c and
OGTT samples, and TEDDY used local
laboratories for OGTT sample evalua-
tions. Although these two studies used
methods that adhere to a more practical
manner of monitoring high-risk subjects,
the TEDDY results were very similar to
those found in both DPT-1 and TrialNet.
The current study used the diagnostic
HbA1c in asymptomatic hyperglycemic
subjects because two measures of HbA1c

were not uniformly collected in TEDDY at
or postdiagnosis. A second HbA1c is pri-
marily used as a confirmation test, with
the implication that it would reduce the
number of false positives. However, our
false positive rate was very low (Table 3).
Given this, if a secondHbA1c failed to con-
firm diabetes then the sensitivity would
actually be less than we have shown.
Lastly, a 90-day window for the HbA1c-
OGTT pair was used to determine eligibil-
ity; however, the vast majority of the
HbA1c measures were conducted within
30 days of the OGTT. Although the
HbA1c is a 90-day moving average, it has
been shown to be more heavily weighted
toward the last 30 days; thus, we extended
our analysis to assess the effect those few
subjects who had anHbA1c-OGTT pairing
outside of the 30-day window had on our
findings by only including those with a
30-day window and found there were no
differences in sensitivity, specificity, or PPV.

The diagnostic performance of various
diabetes indicators is in need of careful
evaluation. Redefining a lower threshold
for HbA1c will be more optimal for diag-
nosing diabetes. Further understanding of
the relationship between known markers
of clinical disease (HbA1c, FPG, random

Figure 1dA–C: ROC curves of various HbA1c

thresholds for diagnosing T1D vs. OGTT (A),
those diagnosed asymptomatically (B), and
IGT vs. OGTT (C) by study group. AUC, area
under the curve.
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glucose, and OGTT) and T1D symptoms
and complications with a focus on when
to initiate treatment is needed. Until then,
the OGTT, a sensitive indicator of diabetes
and an early marker of impaired glucose
homeostasis (18), is the better diagnostic
option for T1D.
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