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Abstract

Background—Current clinical definitions of diabetes require repeated blood work to confirm
elevated levels of glucose or hemoglobin A (HbA1;) to reduce the possibility of a false-positive
diagnosis. Whether 2 different tests from a single blood sample provide adequate confirmation is
uncertain.
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Objective—To examine the prognostic performance of a single-sample confirmatory definition
of undiagnosed diabetes.

Design—Cohort study.
Setting—The ARIC (Atherosclerosis Risk in Communities) study.

Participants—13 346 ARIC participants (12 268 without diagnosed diabetes) with 25 years of
follow-up for incident diabetes, cardiovascular outcomes, kidney disease, and mortality.

Measurements—Confirmed undiagnosed diabetes was defined as elevated levels of fasting
glucose (=7.0 mmol/L [2126 mg/dL]) and HbA; (=6.5%) from a single blood sample.

Results—Among 12 268 participants without diagnosed diabetes, 978 had elevated levels of
fasting glucose or HbA at baseline (1990 to 1992). Among these, 39% had both (confirmed
undiagnosed diabetes), whereas 61% had only 1 elevated measure (unconfirmed undiagnosed
diabetes). The confirmatory definition had moderate sensitivity (54.9%) but high specificity
(98.1%) for identification of diabetes cases diagnosed during the first 5 years of follow-up, with
specificity increasing to 99.6% by 15 years. The 15-year positive predictive value was 88.7%
compared with 71.1% for unconfirmed cases. Confirmed undiagnosed diabetes was significantly
associated with cardiovascular and kidney disease and mortality, with stronger associations than
unconfirmed diabetes.

Limitation—Lack of repeated measurements of fasting glucose and HbA 1.

Conclusion—A single-sample confirmatory definition of diabetes had a high positive predictive
value for subsequent diagnosis and was strongly associated with clinical end points. Our results
support the clinical utility of using a combination of elevated fasting glucose and HbA . levels
from a single blood sample to identify undiagnosed diabetes in the population.

Primary Funding Source—National Institute of Diabetes and Digestive and Kidney Diseases
and National Heart, Lung, and Blood Institute.

Glucose measurement has long been the customary diagnostic test for diabetes mellitus.
Hemoglobin A (HbA;) measurement has been the standard test for monitoring of long-
term glycemic control in the setting of diagnosed diabetes but was not recommended as a
diagnostic test until 2009 (1, 2). The recommendation for use of HbA;. measurement as a
diagnostic test was a major change in diabetes clinical practice guidelines. A diagnostic cut
point for HbA of 6.5% was chosen for its high specificity (2) and on the basis of data
showing associations with prevalent retinopathy above that threshold (3).

Current clinical definitions of diabetes require repeated testing to confirm elevated levels of
glucose or HbA 1 to reduce the possibility of a false-positive diagnosis. Guidelines from the
American Diabetes Association state that repeating the same test in a new blood sample at a
different time to confirm the diagnosis is preferred (4) but that results of 2 different
biochemical tests exceeding diagnostic thresholds can also provide confirmation. It is
common clinical practice for 2 different tests (for example, fasting glucose and HbA ¢
measurement) to be done with the same blood sample, but whether this can provide adequate
confirmation is uncertain.
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The objective of this study was to evaluate the prognostic performance of a single-sample
confirmatory definition of undiagnosed diabetes. Specifically, we examined the diagnostic
performance of definitions of confirmed undiagnosed diabetes (elevated fasting glucose and
HbA 1 levels) and unconfirmed undiagnosed diabetes (elevated fasting glucose or HbA 1
level) to identify future cases of diagnosed diabetes. We also evaluated the absolute risk and
relative risk associations of the single-sample confirmatory definition with subsequent
development of chronic kidney disease, cardiovascular disease (coronary heart disease,
stroke, or heart failure), peripheral artery disease, and all-cause mortality during more than
25 years of follow-up of participants in the community-based ARIC (Atherosclerosis Risk in
Communities) study.

Study Population

We conducted a prospective cohort analysis of participants in the ARIC study, an ongoing
community-based cohort study of 15 792 persons who were initially enrolled during 1987 to
1989 from 4 U.S. communities (Forsyth County, North Carolina; Jackson, Mississippi;
suburban Minneapolis, Minnesota; and Washington County, Maryland). We used ARIC visit
2 in 1990 to 1992 as baseline for the present study because this was the first time point with
HbA . measurements. Institutional review boards at each study site reviewed the study
protocols, and written informed consent was obtained from all participants.

Among the 14 348 participants who attended visit 2, we excluded those who had been
fasting for less than 8 hours or were missing HbA ¢ or glucose measurements (r7=704). In
the ARIC study, white participants were recruited at the Minnesota and Maryland sites,
black participants were recruited at the Mississippi site, and the North Carolina site recruited
a mix of black and white participants. For the present study, we excluded nonwhite
participants at the Minnesota and Maryland sites (7= 49) and participants from all field
centers whose recorded race/ethnicity was not black or white (7= 40). In all analyses, we
also excluded participants who were missing other variables of interest at the ARIC visit 2
examination (/7= 206) and those whose last contact date was the same as their visit 2
examination date (n = 3). Thus, our analyses of all-cause mortality included 13 346
participants. Persons with prevalent disease or missing outcome data were excluded from
analyses of those conditions (Appendix Figure 1, available at Annals.org). In the analyses of
incident diabetes, we further excluded participants who had diagnosed diabetes at baseline
or were missing information on diabetes status during follow-up, resulting in a sample size
of 12 199 for this outcome.

Diabetes Definitions

Prevalent diagnosed diabetes was defined as self-reported physician diagnosis or current
glucose-lowering medication use at visit 1 or 2. Glucose was measured using the hexokinase
method. Hemoglobin A;; was measured in stored whole blood samples by using high-
performance liquid chromatography methods certified by the National Glycohemoglobin
Standardization Program and aligned to the Diabetes Control and Complications Trial assay
(5). Confirmed undiagnosed diabetes was defined as elevations in HbA level (=6.5%) and
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fasting glucose level (=7.0 mmol/L [>126 mg/dL]) among persons without diagnosed
diabetes. Unconfirmed undiagnosed diabetes was defined as no diagnosis of diabetes and
only 1 elevated measure. We examined the unconfirmed cases together and also separately
(isolated fasting glucose elevation and isolated HbA 1 elevation).

Incident diagnosed diabetes was defined on the basis of self-reported use of glucose-
lowering medication or report of a physician diagnosis of diabetes at a subsequent visit or
during annual telephone calls to all participants (6).

Incident chronic kidney disease was defined as either estimated glomerular filtration rate
(eGFR) less than 60 mL/min/1.73 m? and a decrease in eGFR from baseline of at least 25%
(estimated using the 2009 Chronic Kidney Disease Epidemiology Collaboration equation
and serum creatinine level at visit 4 during 1996 to 1998) or hospitalization or death due to
kidney disease identified during continuous active surveillance (7).

Incident cardiovascular disease was a composite outcome defined as the first occurrence of
coronary heart disease, stroke, or heart failure. This included any validated definite or
probable hospitalization for myocardial infarction, death due to coronary heart disease, silent
myocardial infarction detected at visit 3 or 4, a validated stroke event, or hospitalization or
death due to heart failure (heart failure events after 2004 were adjudicated by an end point
committee) (8-13). Incident peripheral artery disease was defined as the first hospitalization
related to peripheral artery disease (14). Deaths were identified from state records and
linkage to the National Death Index.

Participants were followed until the incident event, the date of last contact, or 31 December
2015 (whichever came first) in analyses of incident diabetes, cardiovascular disease, and
mortality. Follow-up was available through 31 December 2014 for peripheral artery disease
and through 31 December 2013 for chronic kidney disease.

Other Variables

Measurements were obtained at visit 2 (1990 to 1992), except for education, which was self-
reported at visit 1 (1987 to 1989) and categorized as less than high school, high school or
equivalent, or college or above. Body mass index was calculated as measured weight in
kilograms divided by height in meters squared. Smoking and drinking status were self-
reported and categorized as never, former, or current. Total cholesterol, high-density
lipoprotein cholesterol, and triglyceride levels were measured using standard methods (15—
17). Systolic and diastolic blood pressures were measured according to a standardized
protocol (18), and we calculated the mean of the second and third of 3 measurements.
Hypertension was defined as mean systolic blood pressure of 140 mm Hg or greater, mean
diastolic blood pressure of 90 mm Hg or greater, or current use of blood pressure—lowering
medications. Parental history of diabetes was self-reported.
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Statistical Analysis

We examined baseline characteristics of participants by diabetes status (diagnosed,
confirmed undiagnosed, unconfirmed undiagnosed, and no diabetes) and evaluated the
concordance of HbA . and fasting glucose levels in persons with no history of diabetes by
using a scatter plot and calculating measures of agreement.

We evaluated the diagnostic performance of confirmed undiagnosed diabetes to identify
incident cases of diagnosed diabetes during 5, 10, and 15 years of follow-up. In the
diagnostic performance analyses, we compared the confirmed definition to a combined
group that included both unconfirmed and confirmed diabetes diagnoses. This approach is
taken because in a binary screening scenario which classifies unconfirmed cases as positives,
confirmed cases would also inevitably be considered positive cases. We calculated the crude
incidence rates per 1000 person-years and adjusted 5-, 10-, and 15-year cumulative
incidence (risk) estimates for incident diagnosed diabetes and the other clinical end points
(19), and we used Cox proportional hazards regression models to evaluate the prospective
associations with each outcome. These analyses compared the mutually exclusive categories
of diagnosed diabetes, confirmed undiagnosed diabetes, unconfirmed undiagnosed diabetes,
and no diabetes. The proportional hazards assumption was evaluated and confirmed using
log-log plots and testing for interactions between risk factors and time. We adjusted for age,
sex, and 5 categories of race—center (Minnesota white participants, Maryland white
participants, Mississippi black participants, North Carolina white participants, and North
Carolina black participants) (model 1). In secondary analyses, we also adjusted for body
mass index, education, smoking status, drinking status, total and high-density lipoprotein
cholesterol levels, triglyceride level, systolic and diastolic blood pressures, current use of
blood pressure—lowering medication, parental history of diabetes, and eGFR (modeled using
a linear spline with a knot at 60 mL/min/1.73 m2) (model 2). Persons without diabetes
served as the reference group. We tested for differences in hazard ratios (HRs) between the
unconfirmed undiagnosed diabetes and confirmed undiagnosed diabetes groups using the
Wald test and tested for interaction by race and race—center using the likelihood ratio test.
We also conducted sensitivity analyses in which we divided the unconfirmed undiagnosed
diabetes group into persons with isolated fasting glucose elevation (=126 mg/dL) or isolated
HbA 1 elevation (=6.5%) to examine absolute risk and relative risk associations.

All statistical analyses were conducted using Stata/SE, version 15.0 (StataCorp). We used
the Stata survei command to generate the covariate-adjusted cumulative incidence estimates
and corresponding Cls (20). A Pvalue less than 0.05 was considered statistically significant.

Role of the Funding Source

The funding source had no role in the design or conduct of the study; collection, analysis, or
interpretation of the data; or writing of the report. The corresponding author had full access

to all data in the study and had final responsibility for the decision to submit the manuscript
for publication.
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There were 978 persons with elevated fasting glucose level or elevated HbA; level at
baseline, among whom 39% had confirmed undiagnosed diabetes and 61% had unconfirmed
undiagnosed diabetes. In general, persons with confirmed undiagnosed diabetes had higher
prevalence of risk factors for diabetes and cardiovascular disease than those with
unconfirmed undiagnosed diabetes (Table 1). With respect to risk factors, the confirmed
group was generally most similar to the diagnosed diabetes group and had the highest
prevalence of obesity (body mass index =30 kg/m?) (64.5% vs. 51.0% in the diagnosed
diabetes group and 46.6% in the unconfirmed group).

The scatter plot of HbA and fasting glucose levels in persons with no history of diagnosed
diabetes is shown in Appendix Figure 2 (available at Annals.org). The overall percent
agreement across diagnostic categories was 95%, with a positive percent agreement of
37.5%. Of note, isolated fasting glucose elevation (=126 mg/dL) was 4 times more common
(4% of the population) than isolated HbA 1 elevation (=6.5%) (1% of the population).

The confirmed definition of undiagnosed diabetes had high specificity to identify cases of
diabetes diagnosed during follow-up (98.1% at 5 years and 99.6% at 15 years) (Table 2).
The confirmed definition had lower sensitivity than the combined group of unconfirmed and
confirmed cases, although both had low sensitivity to identify future cases of diabetes after
many years of follow-up. At 5 years, the positive predictive value of the confirmed definition
was moderate (39.7%) but was higher than that for the combined unconfirmed and
confirmed group (21.0%). By 15 years, the positive predictive value for the confirmed
definition was 88.7% compared with only 71.1% for unconfirmed or confirmed cases. The
negative predictive value was high for both.

Consistent with the high positive predictive value, the adjusted cumulative incidence (risk)
of diagnosed diabetes in the confirmed undiagnosed group was 42.0% at 5 years and 97.3%
at 15 years (Table 3). In contrast, the unconfirmed undiagnosed group had an adjusted
cumulative incidence of only 9.9% at 5 years and 71.7% at 15 years. By 20 years, the
adjusted cumulative incidence among persons with confirmed undiagnosed diabetes at
baseline was nearly 100% (Figure 1). This definition was also associated with high
incidence rates and adjusted cumulative incidence of chronic kidney disease, cardiovascular
disease, peripheral artery disease, and mortality (Table 3 and Figure 2). Similar patterns
were observed with additional adjustment for diabetes and cardiovascular risk factors
(Appendix Table 1, available at Annals.org).

In Cox proportional hazards models (model 1), confirmed undiagnosed diabetes was
strongly associated with risk for diagnosed diabetes during follow-up (HR, 25.00 [95% ClI,
21.10 to 28.28]) (Table 4). Unconfirmed undiagnosed diabetes was also a risk factor for
diagnosed diabetes (HR, 5.75 [CI, 5.16 to 6.40]). Confirmed undiagnosed diabetes was
significantly associated with all other outcomes, particularly peripheral artery disease (HR,
3.50 [CI, 2.44 to 5.01]). These associations persisted even after multivariable adjustment for
major risk factors (model 2). Unconfirmed undiagnosed diabetes was also significantly
associated with most outcomes; however, these associations were weaker than those for
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confirmed undiagnosed diabetes. Compared with unconfirmed undiagnosed diabetes,
confirmed undiagnosed diabetes was statistically significantly more strongly associated with
incident diagnosed diabetes (£ < 0.001), cardiovascular disease (£ = 0.016), and peripheral
artery disease (P< 0.001). We observed no statistically significant interactions by race or
race—center (P value for interaction >0.1 for all).

In sensitivity analyses of isolated elevations in HbA . or fasting glucose level (which
together make up the unconfirmed group), persons with elevated HbA . level tended to have
higher absolute risk than those with elevated fasting glucose level (Appendix Table 2,
available at Annals.org). Both isolated fasting glucose elevation (HR, 5.56 [CI, 4.92 to
6.28]) and isolated HbA elevation (HR, 6.40 [CI, 5.25 to 7.80]) were associated with
future diagnosis of diabetes (Appendix Table 3 [model 1], available at Annals.org).
Associations for incident chronic kidney disease (2= 0.049), incident cardiovascular disease
(P=0.037), peripheral artery disease (= 0.008), and all-cause mortality (= 0.013) tended
to be stronger for elevated HbA level than for elevated fasting glucose level.

Discussion

Current clinical guidelines recommend that elevated glucose or HbA4. levels be confirmed
in a second blood sample for diagnosis of diabetes. We comprehensively evaluated the
prognostic implications of using a combination of HbA; and fasting glucose levels from a
single blood sample to identify persons with undiagnosed diabetes in the community. We
found that this confirmatory definition had high positive predictive value for future risk for
diagnosed diabetes and was associated with substantial risk for major clinical end points.

This study provides construct validity for a confirmatory definition of undiagnosed diabetes
that is based on a combination of HbA; and fasting glucose measured in a single blood
sample. This definition could facilitate both clinical practice and the conduct of
epidemiologic studies. The vast majority of prior epidemiologic studies have used
definitions of undiagnosed diabetes that did not involve confirmatory testing. Such
definitions greatly inflate the prevalence of undiagnosed diabetes (21, 22). In research
cohorts, using a combination of fasting glucose and HbA . levels measured in a single blood
sample is substantially more cost-effective than requiring participants to return for repeated
phlebotomy. In the clinical setting, using both tests allows providers to make clinical
decisions based on the HbA1 level, which drives treatment decisions. Our data suggest high
general concordance between fasting glucose and HbA . levels; therefore, attention should
be paid to any sizeable discordance between them because this may indicate a sample
processing problem or a coexisting medical condition that may be interfering with either
test.

The single-sample confirmatory definition of undiagnosed diabetes had very high specificity
and a high positive predictive value for predicting future diabetes diagnoses. The modest
positive predictive value during the first 5 years of follow-up may seem to suggest that there
are many false-positive diagnoses; however, the high positive predictive value with longer
follow-up (almost 90% at 15 years) demonstrated that most of these persons progressed to
diabetes over time. In contrast, the positive predictive value for unconfirmed and confirmed
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cases combined was very low early on and reached only 71% at 15 years. The negative
predictive value was high for both groups, suggesting that false-negatives are not a major
concern with either definition. The lower sensitivity of the confirmatory definition suggests
that persons with unconfirmed diabetes should still be followed over time. To increase
sensitivity, repeated testing at a second visit to confirm additional cases (identified in the
unconfirmed group) would be needed. Overall, our results support the efficiency of a single-
sample definition of undiagnosed diabetes.

Understanding disease risk as it relates to diagnostic thresholds is crucial (23). Progression
to diagnosed diabetes was high in persons with elevated glucose or HbA. level (confirmed
or unconfirmed), although the absolute and relative risks for the confirmed definition were
extraordinarily high—nearly all participants with confirmed undiagnosed diabetes who
remained alive were subsequently diagnosed with diabetes. This is not to say that persons
with unconfirmed undiagnosed diabetes were not at risk for clinical outcomes; by definition,
this population has a high prevalence of prediabetes, and our data demonstrate that they are
at future risk for diabetes and other major clinical outcomes.

Limitations of this study that should be considered in the interpretation of the results include
the lack of information on repeated testing at a second time point in a new blood sample or
contemporaneous information on 2-hour glucose level. The reliance on self-reported
diabetes cases during follow-up is also a potential limitation, although self-reported diabetes
has been shown to be highly reliable and specific in the ARIC cohort (24). Clinically
relevant results measured at the ARIC visit are reported to participants, and notifying them
about abnormal glucose results may have increased the probability of a diabetes diagnosis.
On a related note, the majority of diabetes diagnoses would have been made on the basis of
glucose measures during follow-up because HbA ;. measurement was not recommended for
diagnosis until 2009. This would inherently favor the predictive capacity of definitions of
undiagnosed diabetes based on fasting glucose level rather than HbA 1. level in the present
study.

Strengths of this study include the large population of black and white adults with more than
20 years of active follow-up for major clinical outcomes. This study also benefited from the
rigorous and standardized data collection procedures implemented in the ARIC study.
Baseline in the current study occurred from 1990 to 1992, which allowed us to evaluate how
risks played out in a scenario where screening and diagnostic cut points for diabetes were
higher. Such a study would not be possible in the current era, where few diabetes cases in
the U.S. adult population are undiagnosed (21).

Current clinical practice guidelines are not clear on whether HbA ¢ and fasting glucose
levels from a single blood sample can be used to diagnose diabetes. Our findings support
clinical use of a combination of HbA4. and fasting glucose levels from a single blood
sample to identify cases of undiagnosed diabetes in the population, although these results
will need to be confirmed in other data sets. In our study, a single-sample confirmatory
definition of undiagnosed diabetes combining elevated levels of fasting glucose and HbA ¢
had high positive predictive value for future diagnosis of diabetes and captured persons at
high risk for clinical outcomes. The relatively low sensitivity of this definition in identifying
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future cases of diabetes suggests that those with isolated fasting glucose elevations (which
are more common) or isolated HbA . elevations (which are less common) at a single time
point should be retested at a later time to ensure that cases are not missed, which is
consistent with current clinical recommendations. The associations of unconfirmed cases of
undiagnosed diabetes with major clinical outcomes—even if many of these persons did not
develop diabetes—reinforce that hyperglycemia and its associated risks exist along a
continuum and emphasize the need for interventions to prevent progression from prediabetes
to diabetes.
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Figurel.
Cumulative incidence of diagnosed diabetes after ARIC visit 2 (1990 to 1992), adjusted for

age, sex, and race—center. ARIC = Atherosclerosis Risk in Communities.
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24 4
= — — - NoDiabetes ¥ — — - No Diabetes
—— Unconfirmed undiagnosed diabetes / —— Unconfirmed undiagnosed diabetes
Confirmed undiagnosed dabetes o~ = Confimed undiagnosed diabstes ~
~——— Diagnosed diabetes. / ——— Diagnosed diabetes //

20 30
L

Adjusted Cumulative Incidence,%
10

Adjusted Cumulative Incidence

0 5 10 15 20
Number at risk Year
No diabetes 11108 10694 9819 8839 7190 10466 9995 9306 8331 7073
Unconfirmed undiagnosed diabetes 582 547 473 397 280 515 483 422 356 269
Confirmed undiagnosed diabetes 373 348 302 254 177 347 314 272 224 164
Diagnosed diabetes 1017 907 693 500 326 839 742 594 428 305
(c) Peripheral Artery Disease (d) Overall Mortality
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Figure 2.

Cumulative incidence of chronic kidney disease, cardiovascular disease, peripheral artery
disease, and all-cause mortality after ARIC visit 2 (1990 to 1992), adjusted for age, sex, and
race—center. ARIC = Atherosclerosis Risk in Communities.
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Appendix Figure 1.
Selection of analytic study populations from the original ARIC study cohort, visit 2 (1990 to

1992). ARIC = Atherosclerosis Risk in Communities; HbA. = hemoglobin Asc.
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Appendix Figure 2.
Scatter plot of HbA . and fasting glucose levels in persons with no history of diagnosed

diabetes who attended ARIC visit 2 (1990 to 1992). The figure is divided into 4 quadrants
(a, b, ¢, and d) according to diagnostic cut points for fasting glucose and HbA 1 levels. On
the basis of the number of persons in these quadrants, the overall percent agreement is 95%,
defined as 100% x ([b + c]/[a + b + ¢ + d]). The positive percent agreement is 37.5%,
defined as 100% x (b/[a + b + d]). The Pearson correlation coefficient is 0.72; the Spearman
correlation coefficient is 0.43. ARIC = Atherosclerosis Risk in Communities; HbA; =
hemoglobin Aj.
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