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Abstract

Prediabetes is an intermediate stage between normal glycemia and diabetes and is highly
prevalent, especially in older age groups and obese individuals. Five different definitions of
prediabetes are presently used in current practice, which are based on different cut points of
HbA ¢, fasting glucose, and 2-h glucose. A major challenge for the field is a lack of guidance on
when one definition might be preferred over another. Risks of major complications in persons with
prediabetes, including diabetes, cardiovascular disease, kidney disease, and death, also vary
depending on the prediabetes definition used. Randomized clinical trials have demonstrated that
lifestyle and pharmacologic interventions can be cost-effective, prevent diabetes, and improve
cardiovascular risk factors in adults with prediabetes. However, the practical implementation of
lifestyle modification or the use of metformin for treating prediabetes is inadequate and
complicated by a lack of agreement on how to define the condition. Establishing consensus
definitions for prediabetes should be a priority and will help inform expansion of insurance
coverage for lifestyle modification and improve current screening and diagnostic practices.
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INTRODUCTION

Prediabetes refers to an intermediate stage of dysglycemia along the continuum from
normoglycemia to diabetes (3). Prediabetes is identified by laboratory measurement of
fasting blood glucose (FBG), glycosylated hemoglobin (HbA;¢), or 2-h postload blood
glucose (2hBG) (3). The term prediabetes is used to identify those individuals who are at
risk for future diabetes, but prediabetes is also associated with a high burden of
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cardiometabolic risk factors and is associated with poor outcomes (4). The increasing
prevalence of prediabetes globally is a major public health concern and does not bode well
for the growing epidemic of diabetes and its complications. The natural history of the
condition is well documented, its detection can be straightforward, and evidence for its
effective treatment has accumulated over the past two decades (56, 81, 86, 108). However,
there is controversy regarding the optimal definition of prediabetes and active recognition
and treatment of prediabetes has lagged, as clinicians may fail to see it as a disease state that
needs addressing.

This review aims to describe the epidemiology of prediabetes and discusses current
challenges for the field. We focus on evidence from surveys investigating the prevalence of
prediabetes, observational studies of the association of prediabetes with major clinical
outcomes, and intervention studies including randomized clinical trials of therapies for
prediabetes and discuss current approaches to prediabetes in clinical practice. This summary
should help inform the process of translating the current evidence into public health and
clinical policies for diabetes prevention.

EPIDEMIOLOGY

Defining Prediabetes

The concept of prediabetes emerged in the late 1970s as a result of a better understanding of
the natural history of diabetes (35, 46). The term was used to indicate the earliest identifiable
stage of glucose dysregulation, characterized by plasma glucose levels that were
intermediate between normal glucose tolerance and diabetes. In 1979, the National Diabetes
Data Group used the term prediabetes to designate impaired glucose tolerance (IGT) (78),
defined using 2-h post—glucose load values on an oral glucose tolerance test of 140 mg/dl to
199 mg/dl. The IGT definition was adopted by the American Diabetes Association (ADA)
and the World Health Organization (WHO) (33, 78, 113). Subsequently, the ADA in 1997
(33) and the WHO in 1998 (5) introduced an additional category of impaired fasting
glycemia (IFG) that was based on fasting blood glucose (FBG) values of 110-125 mg/dl. In
2003, the ADA issued new IFG diagnostic criteria, widening the FBG range from 110-125
mg/dl to 100-125 mg/dl (38). In 2010, a new hemoglobin A;c (HbA¢)-based definition of
prediabetes was introduced by the ADA along with the first recommendations for the use of
HbA ¢ for diagnosing diabetes (2).

These categories are used to identify individuals along the continuum of hyperglycemia who
do not meet current thresholds for a diabetes diagnosis but who are at high risk of
developing diabetes. Defining and identifying this intermediate risk group are important
from a public health and clinical standpoint, as current evidence suggests that diabetes and
cardiovascular prevention are most effective when implemented early in the disease process
(31, 102). The importance of intervening in adults identified to have prediabetes has been
reinforced by results from diabetes prevention trials (56, 81, 86, 108).

Currently, five definitions of prediabetes have been issued by professional societies,
including the ADA (2), the WHO (112), and International Expert Committee (IEC) (75).
These definitions identify phenotypes on the basis of the various tests of hyperglycemia
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(FBG, 2hBG, and HbA1¢) (Table 1) (34, 66). These phenotypes are characterized by
variable degrees of insulin resistance and beta-cell dysfunction, with near maximal insulin
resistance and a loss of >80% of the beta-cell function in IGT (22). Because HbA ¢ is a
measure of chronic hyperglycemia, phenotypes defined by HbA;c may reflect impairments
in both fasting and 2-h glucose.

The IGT definition of prediabetes emerged from community-based studies showing that a
2hBG >140 mg/dI confers a higher risk for incident diabetes than do lower 2hBG values
(78). The ADA-IFG definition was designed to be more comparable to IGT and to maximize
the sensitivity for predicting incident diabetes (38). However, IFG defined using the 100
mg/dl FBG cut point identifies a lower-risk group, which exhibits a more favorable
cardiovascular risk profile and a lower risk of developing diabetes compared with IFG based
on the 110 mg/dl FBG cut point (112). Because of this lower-risk profile and the much
higher prevalence of IFG based on the 100-125 mg/dI range, the WHO recommended that
the lower cut point for IFG remain at 110 mg/dl (112). Consequently, two different
definitions of IFG are currently in clinical use: 100-125 mg/dl recommended by the ADA
and 110-125 mg/dl recommended by the WHO.

In 2009, the IEC recommended a new HbAc-based prediabetes definition with a HbA ¢
range of 6.0% to 6.4% (75). In 2010, the ADA subsequently recommended an HbA¢ of
5.7% to 6.4% (2) to define prediabetes. The WHO does not support the use of HbA ¢ for
defining prediabetes (112).

Current criteria for IGT, IFG and HbA;c-based prediabetes and will identify different people
(20, 67, 70). The ADA guidelines for the diagnosis of diabetes explicitly recommend that
any single elevation of fasting glucose, 2-h glucose, or HbA;¢ be confirmed with a second
test (a different test in the same blood sample or second test at a different time point) (3). No
such recommendations presently exist for confirming a diagnosis of prediabetes. The
reliance on a single measurement to identify prediabetes will result in some false-positive
diagnoses (96).

Other glycemic markers such as glycated albumin and fructosamine have a potential for
identifying prediabetes. These markers strongly correlate with HbA;c and FBG (51, 55), are
associated with incident diabetes independent of HbA;¢ and FBG (51), predict
macrovascular (99) and microvascular complications (98), and provide prognostic value
similar to HbA; ¢ with regard to the risk of cardiovascular disease, end-stage renal disease,
and retinopathy (83). However, these biomarkers have not been incorporated into guidelines,
and there is currently no consensus on the use of glycated albumin or fructosamine in
clinical practice for defining glycemic status (100).

Challenges in Estimating the Burden of Prediabetes

That five definitions of prediabetes are currently in clinical use presents a challenge in the
field (Table 1). Prevalence will vary widely depending on which definition is used and
whether definitions are examined individually or combined (110). The various tests identify
different people and have only moderate overlap, meaning that some people will be
classified as having prediabetes by one definition but not by another. For example, among a
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sample of adults identified as having IGT, individuals in this group who also met criteria for
having prediabetes defined by ADA-IFG, WHO-IFG, or HbA ;¢ of 5.7-6.4% were 58.2%,
23.4%, and 32.3%, respectively (50). Categories of HbA1¢ used to define prediabetes (ADA
5.7-6.4% and IEC 5.5-6.4%) were chosen for their high specificity (20, 67, 70, 75) and will
classify fewer individuals as having prediabetes and disproportionately capture those with
higher fasting and 2-h glucose. An additional difficulty in estimating a population’s
prediabetes burden is that it is a biochemically defined condition. In populations without
systematic surveys with probability sampling that includes blood draws and laboratory
measurements of glucose or HbA ¢, it is challenging to accurately estimate the burden of
prediabetes because most cases in the population are undiagnosed (65).

Global Prevalence of Prediabetes

Comprehensive global prevalence data on prediabetes are lacking. In 2019, the International
Diabetes Federation (IDF) estimated the global IGT prevalence at 7.5% in both men and
women (92). The latter estimate corresponds to approximately 374 million adults aged 18-
99 years, with about half (48.1%) below the age of 50 years and about one-third (28.3%) in
the age group of 20-39 years (who are thus likely to spend many years at high risk of
developing adverse outcomes) (92). The vast majority of individuals with prediabetes
(72.2%) reside in low- and middle-income countries (LMICs), the North American and
Caribbean regions had the highest IGT prevalence (13.8%), and the European region has the
lowest prevalence (5.1%) (92).

The 2019 IDF estimates do not include data on IFG or HbA;¢c and thus underestimate the
extent of prediabetes as compared with estimates that combine all glycemic measures.
Relying on IGT only, as done by IDF, leaves out an important fraction of individuals with
prediabetes states defined by other tests (101). Nonetheless, estimates of prediabetes
prevalence are not available for many countries, and global data on prediabetes rely on
statistical extrapolations and substantial assumptions, with corresponding uncertainty.

Large surveys in Chinese adults using all three glycemic tests (HbAc, FBG, or 2hBG) have
described a prevalence of prediabetes on any one of the three tests ranging from 36% (109)
in one study to as high as 50.1% in another study (114).

In the United States, national data on prevalence of prediabetes are available from the
National Health and Nutrition Examination Survey (NHANES). NHANES is a serial,
population-based cross-sectional survey designed to produce national estimates,
generalizable to the US population. NHANES includes standardized assessments of FBG,
2hBG, and HbA ¢, allowing for comparisons across different definitions of prediabetes. In
our analysis for this report of the most recent NHANES cycle (2015-2016), the prevalence
of prediabetes in the US adult population aged 20 or older varied substantially depending on
the definition used, from 4.3% (IEC-HbA¢) to 43.5% (ADA-IFG) (Figure 1). If a
combination of HbA ¢ 5.7-6.4%, FPG 100-125 mg/dl, and 2hBG 140-199 mg/dl was used
—meaning all three criteria were satisfied—the prevalence was 2.5%. If any of the three
definitions were used to define prediabetes, the prevalence was 51.3% (any of one of the
criteria was satisfied). These data demonstrate the challenge of arriving at a single best
estimate of the burden of prediabetes in the population. A combined definition—based on
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elevations in HbA ;¢ and fasting glucose and/or 2-h glucose—has frequently been used in
reports of national prevalence (19, 69). However, it would be unusual to use this combined
definition of any elevation in one of three tests to diagnose prediabetes in clinical practice.
Thus, there is presently a problematic disconnect between how prediabetes is defined in
clinical practice and how prevalence is estimated in epidemiologic studies.

Demographic Differences in Prevalence of Prediabetes

Age and body mass index (BMI) are two of the strongest risk factors for prediabetes;
evidence has demonstrated a strong age-related increase in prediabetes. In an analysis of the
2011-2012 NHANES, the prediabetes prevalence (using any elevation in 2hBG, FPG, or
HbA1c) was 28.2% in adults aged 20-44 years and 49.5% in adults =65 years (69). The
prevalence of prediabetes is substantially higher in obese individuals compared with normal-
weight adults. Indeed, more than 80% of individuals with self-reported prediabetes are
overweight or obese (65).

Racial disparities in prediabetes prevalence mirror those seen for diabetes. In the United
States, there is a higher prevalence of prediabetes among non-Hispanic blacks and Hispanics
than among non-Hispanic Asian participants (69). Although the prevalence of prediabetes
among Asians is lower than that of their white counterparts, they had a substantially lower
BMI (69). The higher prevalence of prediabetes and higher risk of cardiometabolic outcomes
at BMI cut points in Asians and Asian Americans is a source of controversy; thus, recent
recommendations advocate using lower BMI cut points in this population (48).

Analyses of NHANES and also of the Atherosclerosis Risk in Communities (ARIC) study
demonstrate that demographic profiles differ, depending on the definition of prediabetes
used. For example, individuals with prediabetes defined by HbA ;¢ tended to be older, more
likely to be female, more likely to be black (compared with white), and more likely to be
obese than individuals meeting ADA-IFG or ADA/WHO-IGT definitions of prediabetes (6,
89, 110).

Trends in Prediabetes Prevalence

Over the past three decades in the United States, prevalence of prediabetes has increased
(14, 68, 97) across all ethnic subgroups (14, 16) and all definitions of prediabetes (14, 16).
Data from other parts of the world and based on IFG also suggest a growing prevalence of
prediabetes over time (21, 79). IDF projections indicate that, by 2045, the number of adults
with IGT will be 548 million, corresponding to 8.4% of the world’s adult population (92).
The global epidemic of obesity and the rising global prevalence of prediabetes are of major
concern. These trends do not bode well for the future outlook of diabetes and its
complications across the world.

COMPLICATIONS IN PERSONS WITH PREDIABETES

Risk of Diabetes or Regression to Normal Glucose Tolerance

A significant proportion of individuals with prediabetes will develop diabetes over time,
though the magnitude of this risk depends substantially on the prediabetes definition used.
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The risk of diabetes among persons with prediabetes is a central question, but it is also
somewhat tautological. Diabetes is defined by elevated fasting glucose, 2-h glucose, or
HbA1c. Thus, those individuals with the highest fasting glucose, 2-h glucose, or HbAc
within the prediabetic range will, by definition, be at the highest risk for developing
diabetes. Nonetheless, many individuals with prediabetes do not progress rapidly or do not
progress at all to diabetes. Some individuals, especially those with glycemic values at the
lower end of the prediabetes range, will revert to normal glucose tolerance or the normal
fasting state.

A 2007 meta-analysis of community-based cohort studies reported an absolute annual
incidence of diabetes among individuals with WHO-IFG or IGT of 5-10% (39), with a
relative risk for diabetes versus normoglycemia of 6.35 [95% confidence interval (CI) 4.87-
7.82] for IGT; 5.52 (3.13-7.91) for isolated IGT; 4.66 (2.47-6.85) for IFG; 7.54 (4.63-
10.45) for isolated IFG; and 12.13 (4.27-20.00) for both IFG and IGT (39). In a 2010 meta-
analysis, the IEC-HbA ¢ prediabetes state (6.0-6.5%) was associated with a relative risk of
approximately 20 compared with HbA1c <5%, with a 5-year cumulative incidence of
diabetes ranging from 25% to 50% (115). A large 2018 meta-analysis (103 prospective
cohort studies with up to 24 years of follow-up) found relative risks for diabetes of 4.32 for
ADA-IFG, 5.47 for WHO-IFG, 3.61 for IGT, 6.90 for IFG and IGT, 5.55 for HbA ¢ >5.7%,
and 10.10 for HbA ;¢ >6.0% (90). Regardless of the definition, prediabetes identifies
individuals at high risk for progression to diabetes, although absolute and relative risks vary
depending on the definition used. IFG and IGT definitions tend to be associated with similar
risks of future diabetes (with a higher risk if IFG and IGT are combined), whereas HbA 1
definitions have the highest risk. As mentioned earlier, HbA1¢ cut points for prediabetes are
more specific than those for FBG or 2hBG. Thus, HbA;c-defined prediabetes identifies
fewer but higher-risk individuals, as borne out in recent individual epidemiologic studies and
meta-analyses.

There are fewer data on rates of regression to normoglycemia among individuals with
prediabetes. In a meta-analysis, the relative risk of regression from IGT to normoglycemia
(compared with people who remained normoglycemic) was 0.33 (95% CI 0.23-0.43) over a
1-year follow-up period (39), suggesting low but not insubstantial rates of regression. In a
different study of IFG, the reported cumulative proportion of individuals who reverted to
normoglycemia by 10 years of follow-up was 55% (36). A meta-analysis of prospective
studies (n= 18 studies involving 11,287 participants), which defined prediabetes by HbA;¢
using either the ADA (HbA ¢ of 5.7-6.4%) or the IEC (HbA ¢ 6.0-6.4%) definitions of
prediabetes, reported cumulative incidence of regression ranging from 14% to 39% within
1-5 years of follow-up and from 17% to 31% for 6-11 years of follow-up (90). Some degree
of regression might be expected in populations receiving lifestyle interventions to mitigate
prediabetes risk; however, some of this regression undoubtedly reflects the known variability
in tests of glycemia, which are highest for 2-h glucose, lowest for HbA; ¢, and intermediate
for fasting glucose (96).
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Cardiovascular Risk Factors, Morbidity, and Mortality

Individuals with prediabetes have a high burden of cardiovascular risk factors. In an analysis
of data from NHANES 2011-2014, adults with prediabetes (defined using ADA-FPG or
HbA 1) had a high prevalence of hypertension (36.6%), dyslipidemia (51.2%), albuminuria
(7.7%), or reduced estimated glomerular filtration rate (4.6%). Overall, 24.3% were current
smokers and had an elevated estimated 10-year cardiovascular event risk of approximately
7% (6).

In terms of cardiovascular outcomes, a large meta-analysis of prospective studies (53
studies, 1.6 million individuals, median follow-up duration 9.5 years) examined the risks of
cardiovascular disease and death in persons with prediabetes as compared with normal
glycemia (49). In this study, prediabetes (IGT or IFG by ADA or WHO criteria) was
associated with an increased risk of cardiovascular disease (relative risks ranging from 1.13
to 1.30) and all-cause mortality (relative risks: 1.13-1.32).

Prediabetes states defined by HbA ¢ values of 5.7-6.4% or 6.1-6.4% were associated with
risk of cardiovascular disease (relative risks: 1.21 and 1.25, respectively) (49). The strongest
associations with cardiovascular disease, of 6.1-6.4%, were observed for WHO-IFG
(relative risk: 1.30) and HbA ¢ (relative risk: 1.25) (49). Several cohort studies have shown
an elevated risk of all-cause mortality among individuals with prediabetes (IFG or IGT) as
compared with those with normoglycemia (10, 11, 17, 59, 74, 94, 103). Similarly, a high risk
of hospitalization has been described among individuals with prediabetes (95). In a
community-based population of US adults, we compared the prognostic value of the three
tests of glycemia for all five prediabetes definitions (by ADA, WHO, and IEC) (110). All
definitions were associated with a risk of adverse outcomes, including cardiovascular
disease, kidney disease, and all-cause mortality, but, consistent with prior studies, the
magnitude differed depending on the definition used (Figure 2) (110). HbA;c-based
definitions identified the fewest number of individuals but were associated with the highest
risks of complications.

Hyperglycemia-related microvascular complications, including retinopathy (77), neuropathy
(53), and nephropathy (85), are frequently present among individuals with prediabetes. In
the US Diabetes Prevention Program (DPP) study, which included individuals with
prediabetes defined by IGT or IFG, 7.9% of participants had signs of retinopathy (77). In the
2009-2014 NHANES survey, between 7.5% and 16% of those with prediabetes had
peripheral neuropathy, depending on how the latter was defined (53). Data from the 1999-
2006 NHANES showed that approximately 18% of US adults with prediabetes have some
form of chronic kidney disease (85).

Depending on the definition of prediabetes used, associations with major clinical outcomes
differ. Nonetheless, the literature demonstrates a high burden of cardiometabolic risk factors
in adults with prediabetes, a concerning high prevalence of microvascular disease in persons
with prediabetes, and that all prediabetes definitions are associated with a high risk of
diabetes and excess risk of major complications and death.
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Landmark clinical trials have demonstrated that diabetes can be prevented with intensive
lifestyle modification among individuals with prediabetes (Table 2) (56, 81, 86, 108). These
trials, conducted in various settings including China (81), Finland (108), the United States
(56), and India (86), showed that over a 3—6-year period, lifestyle interventions (dietary
changes plus increased physical activity) reduced the incidence of diabetes by 28-58%
compared with the placebo or minimal intervention (standard of care) groups. In all these
trials, except the Indian study (86), the effects of lifestyle modification were mediated
primarily by weight loss (43).

In most of the major trials, the effects of lifestyle modification on diabetes incidence
persisted for several years after discontinuation of the active intervention. Indeed, in the
extended follow-up reports from the Finnish Diabetes Prevention Study (DPS), Chinese Da
Qing, and US DPP studies (42, 58, 62—64, 76), over a 10- to 30-year period, incidence rates
of diabetes in the intervention group were persistently lower.

The DPP trial ended after three years, but the investigators have continued long-term follow-
up in the Diabetes Prevention Program Observational Study (DPPOS); they have conducted
several detailed investigations into the long-term posttrial effects of the lifestyle intervention.
In addition to a long-term reduction in incident diabetes at 10- and 15-year follow-up (58,
76), the intervention led to a long-term improvement in the cardiovascular disease risk
factors, including systolic and diastolic blood pressure, low-density lipoprotein cholesterol,
and triglycerides (80). However, the lifestyle intervention did not result in a significant
reduction in risk of microvascular disease (nephropathy, retinopathy, or neuropathy) at 15-
year follow-up (76). The lifestyle modification also did not significantly affect subclinical
atherosclerosis as assessed by coronary artery calcium (40). Longer-term data and analyses
of cardiovascular events are pending.

In the Da Qing study, which was conducted from 1986 to 1992 and enrolled individuals with
IGT in China, diabetes prevention was associated with a significant reduction in diabetes
during the 6-year trial period (81) and in the posttrial period after 20, 23, and 30 years of
follow-up (42, 62, 63). In addition, the lifestyle arm was associated with a decreased number
of deaths from cardiovascular disease and a reduction in all-cause mortality after 23 years
(62). In the Da Qing study, after 30 years of follow-up, in addition to the reduction in deaths
from cardiovascular disease, there was also a significant 36% reduction in cardiovascular
disease events associated with lifestyle modification (42). The Da Qing study also showed
that diabetes prevention through lifestyle modification can affect microvascular
complications, with a 47% lower risk of severe retinopathy in the intervention group than in
the control group over a 20-year period (41).

The persistent benefit of the in-trial effect in these lifestyle intervention studies has been
termed the “legacy effect” or the result of “metabolic memory” (71). Indeed, accruing
evidence suggests that interventions to achieve normoglycemia early in the disease course
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translate into robust and longer-lasting effects as compared with interventions implemented
later in the life course through mechanisms that are yet to be fully elucidated.

Most of the major diabetes prevention trials enrolled individuals with IGT [except the US
DPP, which also included IFG individuals (93)] and did not include individuals identified
using HbA1¢ (56, 81, 86, 108) because major diabetes prevention studies were initiated at a
time when the definitions of prediabetes did not include HbA;¢. Current guidelines have
reasonably assumed that the results of diabetes prevention trials can be extended to
individuals with prediabetes identified using FBG or HbA;¢c. The absolute and relative
effectiveness of lifestyle interventions to prevent diabetes in adults meeting IFG or HbA;c
definitions of prediabetes have not been directly demonstrated (104, 111). However,
analyses of data from the DPP trial examining baseline HbA ;¢ indicated that values in the
prediabetes range were robust predictors of the incidence of diabetes (57). Current
guidelines for diabetes prevention recommend lifestyle modification as the first-line
approach in persons with prediabetes in clinical practice regardless of the definition used to
identify the person as having prediabetes (4).

Drug Therapies

A number of randomized, controlled trials have been conducted to evaluate the benefits of
various pharmaceutical interventions for diabetes prevention (Table 3). These trials have
shown diabetes risk reductions ranging from 25% to 70% as compared with placebo,
depending on the drug used and the duration of follow-up. Metformin was assessed in the
DPP trial (31% diabetes risk reduction versus placebo over 3 years) (56) and the Indian DPP
(26.4% risk reduction versus placebo over 2.5 years) (86). Thiazolidinediones were
investigated in the DPP trial (75% by troglitazone over 1 year versus placebo) (26), the
DREAM trial (62% reduction by rosiglitazone over 3 years versus placebo) (30), and the
Actos Now trial (72% reduction by pioglitazone over 3 years versus placebo) (23). Alpha
glucosidase inhibitors were assessed in the STOP-NIDDM trial (25% risk reduction by
acarbose over 3 years versus placebo) (18) and in a Japanese study (40% risk reduction by
voglibose over 1 year versus placebo) (54). Glucagon-like peptide-1 analogues also have a
significant effect on diabetes incidence (79% risk reduction by liraglutide over 3 years
versus placebo) (61, 84).

In the DPP trial, although metformin was overall less effective than lifestyle modification, it
was as effective as lifestyle modification in prediabetic participants with BMI =35 kg/m?
(56) but less effective than placebo in those aged =60 years (44% diabetes risk reduction
among participants aged 25-44 years versus 11% in those 260 years of age) (56). It is worth
noting that analyses in these subgroups (obesity, younger age) were post hoc and not
prespecified. Subsequent analyses also demonstrated that, among prediabetic women with a
history of gestational diabetes mellitus (GDM), metformin and intensive lifestyle
modification had equivalent effects on the incidence of diabetes (50% risk reduction) (9, 88).
After 15 years of follow-up in the DPPOS, the effect of metformin (versus placebo) was
greater among women with a history of GDM (41% risk reduction) as compared with
women without a history of GDM (6% risk reduction) (29).

Annu Rev Public Health. Author manuscript; available in PMC 2021 December 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Echouffo-Tcheugui and Selvin Page 10

The observed effects of medications for the prevention of diabetes have generally been lower
than those seen for intensive lifestyle modification, which has more sustainable effects. The
drug effects have tended to wear out after a washout period (44); their withdrawal frequently
leads to a glycemic rebound (25, 106). However, this rebound effect may not be specific to
pharmaceutical interventions because the initial effects of the lifestyle intervention on
HbA1c in DPP have tended to wane over time in the posttrial period (28). In trials that
assessed the combined effect of lifestyle modification and a pharmacologic intervention
(metformin or pioglitazone), no additional benefit beyond lifestyle modification was found
(86, 87). Given the relatively short duration of most diabetes prevention trials, evidence on
the long-term benefits of pharmaceutical therapies on outcomes such as cardiovascular
disease and mortality is limited.

Translating the Evidence on Diabetes Prevention into Practice

Current ADA recommendations for the management of prediabetes include (&) a referral of
individuals with prediabetes to an intensive behavioral lifestyle intervention program
modeled on the DPP trial to achieve and maintain 7% loss of initial body weight and
increase moderate-intensity physical activity (e.g., brisk walking) to at least 150 minutes per
week; (6) annual monitoring for the development of diabetes; and (c) use of metformin
among individuals with BMI =35 kg/m2, those aged less than 60 years, and women with
prior GDM (4).

Despite the robust evidence from trials such as the DPP, which demonstrated that resource-
intensive lifestyle support interventions to achieve modest weight loss can yield health
benefits, the effort to translate and implement diabetes prevention programs in the United
States and globally have lagged. The detection and treatment rates of prediabetes remain
low. Data from the 2013-2014 NHANES show that only 7.4% of US adults report a history
of prediabetes. Of these, 80% were overweight or obese, but only half reported actively
trying to lose weight or met physical activity guidelines (65). Other data demonstrate that
only one-third of people with prediabetes have received recommendations for diet or
exercise from their health care providers (52). A national survey among primary care
physicians showed that only 36% of those surveyed refer patients to a diabetes prevention
lifestyle change program (107). Another study using data from the more recent 2016-2017
National Health Interview Survey reported that only 5% of individuals with prediabetes had
been told by their physician to participate in a diabetes prevention program (8).

Metformin is seldom used in daily practice, despite the ADA’s recommendation to use it for
prediabetes treatment. In 2010-2012, only 3.7% of prediabetes patients with United
Healthcare insurance (one the largest private insurers in the United States) were prescribed
the medication (72). In the 2013-2014 NHANES, metformin use among those with self-
reported prediabetes was reported in only 8% of US adults (65).

The lifestyle interventions implemented in landmark trials were resource intensive. For
example, the lifestyle intervention tested in the DPP trial consisted of 16 individual sessions
taught by case managers (trained nutritionists, exercise physiologists, or behavioral
psychologists) during the first six months of the intervention (24). These core sessions were
followed by twice-monthly in-person maintenance sessions, with telephone contact between
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sessions (24). The translation of such interventions in practice is challenging. A number of
US-based studies have assessed whether there are acceptable and low-cost alternatives to the
resource-intensive DPP lifestyle interventions. These studies retained the core principles of
the DPP intervention and tested adaptations of DPP delivery in clinics and communities;
these DPP-like lifestyle interventions resulted in weight loss of approximately 4%, on
average, over 12 months (7). DPP-like interventions in real-world settings also led to
improvement in cardiovascular risk factors (73). In parts of the world other than the United
States, a number of controlled and uncontrolled translation studies have also shown the
feasibility and acceptability of diabetes prevention (37).

Economic considerations are important and have implications for various stakeholders
(policy makers, public health agencies, insurers, and health care providers, and consumers),
but few real-life studies have assessed the cost-effectiveness of prediabetes screening and
treatment strategies. Simulations have shown that diabetes prevention using lifestyle
modification is cost-effective (32, 45); this finding is corroborated by actual cost data from
the DPP study (27). Patients may now be referred to National DPP lifestyle change
programs, and the coverage of these programs, including through the Centers for Medicare
& Medicaid Services and commercial insurers, is expanding (1, 15). However, insurance
coverage for prediabetes in the United States remains limited.

A number of obstacles impede progress in the management of prediabetes in the United
States and globally. The first obstacle is the lack of a standardized approach to identifying
individuals with prediabetes and limited screening for prediabetes both in the community
and in clinics. The second obstacle is the cost of interventions, especially intensive lifestyle
interventions, which can be expensive and complicated to implement, maintain, and
reimburse, especially in the context of the fragmented US health care and insurance system.
A third obstacle involves the challenges posed by the effective real-world implementation of
behavioral interventions in daily practice. The DPP and other trials have demonstrated that
even modest weight loss can reduce the risk of diabetes. However, sustaining weight loss
and making long-lasting improvements in diet and lifestyle are challenging for most
individuals.

CONCLUSION

Prediabetes is common and a major public health issue globally. Individuals with
prediabetes have a high risk of progression to diabetes and elevated risks of cardiovascular
disease, kidney disease, and death. Lifestyle modification is the first-line therapeutic
approach to prediabetes but is often difficult to sustain in practice. A lifestyle approach has a
number of advantages, including potential cost-effectiveness and the adaptability to various
settings worldwide. However, several challenges have limited cogent prediabetes treatment
strategies, including the lack of a standardized clinical and public health approach for
individuals with prediabetes as well as issues related to cost and reimbursement.

A major challenge in the field is a lack of consensus about how to define prediabetes, which
has led to disparate prevalence estimates and a lack of consistency in approaches to
screening and diagnosis. Using HbA ¢ to define prediabetes has a number of advantages
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over glucose-based definitions. First, HbA ¢ is strongly associated with adverse outcomes.
Second, HbA ¢ testing has a number of practical advantages: Elevated levels are highly
specific for long-term hyperglycemia, it is a nonfasting test with less preanalytical variability
(fewer factors that can influence the test results), and it has low intraindividual variability
compared with glucose (91, 96). Third, HbA¢ is central to decision-making regarding
treatment, particularly pharmacotherapy, in prediabetes and diabetes. Nonetheless, despite
major advantages associated with the use of HbA;¢, the WHO does not recommend using
HbA ¢ to identify prediabetes. That the WHO recommends using HbA¢ for the diagnosis
of diabetes but not for prediabetes is problematic and has contributed to confusion in the
field.

Going forward, guideline organizations need to come together to reach consensus on
recommendations for the use of HbA¢ and on standard definitions for prediabetes. Not
everyone with prediabetes will develop diabetes; some 5-year risk estimates range from as
low as 7% to as high as 50%. The variability in risk estimates is directly related to
heterogeneity in definitions. In some settings, glucose testing may be preferred over HbA;c
for prediabetes screening, especially if HbAq¢ testing is too costly or not available. Point-of-
care assays for HbA; ¢ are not widely recommended for the diagnosis of diabetes because
there are concerns regarding proficiency testing and some assays do not meet existing
quality criteria. However, certain point-of-care assays are certified by the National
Glycohemoglobin Standardization Program and demonstrate excellent comparability to
traditional laboratory assays (60). Thus, rapid point-of-care tests may provide an opportunity
for broader HbA-based screening and identification of prediabetes and diabetes in some
populations, especially in settings where obtaining traditional fasting venous samples might
not be feasible. There is also compelling evidence for a role for glycated albumin and
fructosamine as useful complementary or alternative tests when HbA ¢ testing is
problematic or when glucose and HbA ¢ test results conflict (82, 98, 100). To date, however,
no clinical organizations have provided guidance on how these tests might be used in
practice.

When implementing screening programs, inherent trade-offs exist between using more
sensitive versus more specific criteria for prediabetes. For example, fasting glucose-based
definitions—particularly ADA-IFG—will identify many more people, but this population
will be lower risk than individuals identified by other clinical definitions. Cost-effectiveness
studies of different detection strategies are also needed to inform the trade-offs between
broader versus narrower prediabetes definitions.

The lack of consensus on definitions has created dissonance between how the burden of
prediabetes is estimated in epidemiologic studies and how prediabetes criteria are used to
identify high-risk individuals in clinical practice. Epidemiologic studies have typically relied
on combined definitions, using broad criteria, resulting in extremely high prevalence
estimates, which is inconsistent with how prediabetes would be defined in clinical practice.
Clear guidance for when certain definitions are preferred in public health practice and in
clinical settings is sorely needed.
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Evidence has increasingly shown that early intervention provides the greatest long-term
benefit. Achieving effective diabetes prevention in daily practice requires a modification of
the current clinical workflow to enhance referral of individuals with prediabetes to
appropriate prevention programs. Expansion of insurance coverage is also needed, ideally by
mandating diabetes prevention coverage by health care plans.

Ultimately, the lack of consensus regarding a single best definition of prediabetes continues
to present a major challenge for the field and for clinical practice. Prediabetes, by any
definition, is clearly associated with substantial excess risk of major clinical outcomes (49,
110), and even modest weight loss can have a major effect on reducing risk (56). However,
disagreement on defining prediabetes complicates treatment decisions, insurance coverage,
and our understanding of the true burden and risks of the condition. Thus, the field urgently
needs to reach an agreement on prediabetes definitions to establish optimal approaches to
screening, diagnosis, and treatment.
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2hBG 2-hour postload blood glucose

IGT impaired glucose tolerance

ADA American Diabetes Association

WHO World Health Organization

IFG impaired fasting glycemia

FBG fasting blood glucose

IEC International Expert Committee

IDF International Diabetes Federation

NHANES National Health and Nutrition Examination Survey

DPP Diabetes Prevention Program

DREAM Diabetes Reduction Assessment With Ramipril and
Rosiglitazone Medication
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Figure 1.

Prevalence of prediabetes in US adults aged 20 or older according to clinical definitions of
prediabetes. Definitions of prediabetes: International Expert Committee (IEC) HbA¢ 6.0—
6.4%; American Diabetes Association (ADA) HbA;¢ 5.7-6.4%; ADA and World Health
Organization (WHO) 2-h glucose 140-199 mg/dl; WHO fasting glucose 110-125 mg/dl;
ADA fasting glucose 100-125 mg/dl. Data from National Health and Nutrition Examination
Survey (NHANES) 2015-2016.

Annu Rev Public Health. Author manuscript; available in PMC 2021 December 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Echouffo-Tcheugui and Selvin Page 22

Hazard ratio (95% Cl)

I ADA fasting glucose 100-125 mg/dL
%; ® WHO fasting glucose 110-125 mg/dL
@ ADAHDbA,5.7-6.4%
i * A IECHDA, 6.0-6.4%

} » ADA and WHO 2-hour glucose 140-199 mg/dL

Incident Chronic Cardiovascular All-cause
diabetes kidney disease disease mortality
Figure2.

Hazard ratios (95% confidence intervals) for different definitions of prediabetes with
incident diabetes, chronic kidney disease, cardiovascular disease, and all-cause mortality in
the community-based ARIC study. Abbreviations: ADA, American Diabetes Association;
ARIC, Atherosclerosis Risk in Communities; CI, confidence interval; IEC, International
Expert Committee; WHO, World Health Organization. Figure based on data from Reference
106.
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Table 1
Current diagnostic criteria for prediabetes
Tests ADA WHO IEC
FPG 100-125 mg/dl | 110-125 mg/dl [ NA
2hBG (75-g oral glucose tolerance test) | 140-199 mg/dl | 140-199 mg/dl | NA
HbA;c 5.7-6.4% NA 6.0-6.4%

Abbreviations: 2hBG, 2-hour postload blood glucose; ADA, American Diabetes Association; FPG, fasting plasma glucose; HbA1¢C, hemoglobin
A1C; IEC, International Expert Committee; NA, not applicable; WHO, World Health Organization.
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Table 2
Landmark diabetes prevention trials
Mean Risk reduction
Years Age of follow- for diabetes
of Prediabetes | participants Weight up (in (intervention
Study Country study | phenotypes (in years) Study arms (n) target years) versus control)
Chinese China 1986- | IGT 225 Diet (130) No 6 Diet (31.5%)
Da Qing 1992 Exercise (141) specific Exercise (46%)
(81) Diet and exercise weight Diet and exercise
(126) target (42%)
Control (133)
Finnish Finland 1993- | IGT 40-65 Diet and exercise >5% 4 Diet and exercise
DPS (108) 2001 (265) weight (58%)
Control (257) loss
American United 1996- | IGT and =25 Diet and exercise 7% 2.8 Diet and exercise
DPP (56) States 2001 ADA-IFG (1,079) weight (58%)
Metformin(1,073) loss Metformin (31%)
Control (1,082)
Indian India IGT 33-55 Diet and exercise No 3 Diet and exercise
DPP (86) (133) specific (28.5%)
Metformin (133) target Metformin
Diet, exercise, and (26.4%)
metformin (136) Diet, exercise,
Control (136) and metformin
(28.2%)

Abbreviations: DPP, Diabetes Prevention Program; DPS, Finnish Diabetes Prevention Study; IFG, impaired fasting glycemia; IGT, impaired
glucose tolerance.
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Table 3
Pharmaceutical trials for diabetes prevention
Relativerisk
reduction for
diabetes
Mean intervention versus
Prediabetes Study follow-up placebo (95%
Study Country Year phenotypes Trial drugs size (inyears) | confidenceinterval)
TRIPOD (13) United States | 2002 | IGT (women with | Troglitazone versus 266 25 55% (17, 75)
a history of placebo
GDM)
STOP-NIDDM (18) | International | 2002 | IGT and IFG Acarbose versus 1,429 3.3 25% (10, 37)
placebo
DPP (56) United States | 2002 | IGT and IFG Metformin versus 3,234 2.8 31% (17, 43)
placebo
US-DPP (26) United States | 2005 | IGT Troglitazone versus 585 0.9 75% (NR)
placebo
XENDOS study International | 2006 | IGT Orlistat versus 3,305 4 37% (14, 54)
(105) placebo
Indian DPP (86) India 2006 | IGT Metformin versus 531 25 26.4% (19.1, 35.1)
placebo
DREAM trial (30) International | 2006 | IGT and IFG Rosiglitazone 5,269 3 62% (56, 67)
versus placebo
DREAM trial (12) International | 2006 | IGT and IFG Ramipril versus 5,269 3 9% (-3, 20)
placebo
Voglibose trial (54) Japan 2009 | IGT Voglibose versus 1,780 0.9 40% (18, 57)
placebo
NAVIGATOR (47) International | 2010 | IGT and IFG Nateglinide versus 9,306 5 a
placebo ~1% (-15, 0)
(favors placebo)
NAVIGATOR (47) International | 2010 | IGT and IFG Valsartan versus 9,306 5 14% (8, 20)
placebo
ACT NOW trial United States | 2011 | IGT Pioglitazone versus 602 2.4 72% (51, 84)
(23) placebo
SCALE (61, 84) International | 2017 | IGT and IFG Liraglutide versus 2,254 3 79% (66, 87)

placebo

Abbreviations: ACT NOW, ACTOS Now for Prevention of Diabetes; DPP, Diabetes Prevention Program; DREAM, Diabetes Reduction
Assessment with Ramipril and Rosiglitazone Medication; GDM, gestational diabetes mellitus; IFG, impaired fasting glycemia; IGT, impaired
glucose tolerance; NAVIGATOR, Nateglinide and Valsartan in Impaired Glucose Tolerance Outcomes Research; NR, not reported; SCALE, Satiety
and Clinical Adiposity—Liraglutide Evidence; STOP-NIDDM, Study To Prevent Non-Insulin-Dependent Diabetes Mellitus; TRIPOD, Troglitazone
Prevention of Diabetes; XENDOS, XENical in the Prevention of Diabetes in Obese Subjects.

a . .
Denotes a lack of risk reduction.
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