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Abstract | The prevention of type 2 diabetes mellitus (T2ZDM) is a target priority for
the WHO and the United Nations and is a key priority in the 2018 Berlin Declaration,
which is a global call for early actions related to T2DM. Health-care policies
advocate that individuals at high risk of developing T2DM undertake lifestyle
modification, irrespective of whether the prediabetes phenotype is defined by
hyperglycaemia in the postprandial state (impaired glucose tolerance) and/or
fasting state (impaired fasting glucose) or by intermediate HbA,_levels. However,
current evidence indicates that diabetes prevention programmes based on lifestyle
change have not been successful in preventing T2DM in individuals with isolated
impaired fasting glucose. We propose that further research is needed to identify
effective lifestyle interventions for individuals with isolated impaired fasting
glucose. Furthermore, we call for the identification of innovative approaches that
better identify people with impaired glucose tolerance, who benefit from the

currently available lifestyle-based diabetes prevention programmes.

Type 2 diabetes mellitus (T2DM) is a
persistent and prevalent threat to global
health. The number of people with T2DM

is projected to reach 700 million by 2045
(REF), with the greatest increases expected in
low-income and middle-income countries.
In these settings, the burden of T2DM is
substantial and access to highly trained
health-care professionals is the most
limited. In addition, the number of adults

at high risk of developing T2DM because of
impaired glucose tolerance (IGT) (TABLE 1) is
projected to rise from 373.9 million in 2019
to 548.4 million by 2045 (REF"). Therefore,
interventions that prove to be cost-effective
and effective in preventing or delaying
progression to T2DM among high-risk
individuals are of the utmost importance

to public health”.

The prevention of T2DM has been
declared a target priority by the WHO® and
the United Nations’ and forms a key priority
in the 2018 Berlin Declaration, which is a

global call for early actions related to T2DM".

In an attempt to curtail the progression

of T2DM, health-care policies now advocate
that individuals at high risk of developing
T2DM undertake lifestyle modification®*.
These lifestyle modifications generally focus
on weight reduction by modifying nutrition,
increasing physical activity and other health-
related behaviours®™ (TABLE 2). Strong
evidence now exists from large randomized,
controlled trials (RCTs) and meta-analyses
demonstrating that for individuals with

IGT, modification of lifestyle is effective

in producing reductions in progression to
T2DM of ~30-60% (REFS'*-*%). Reductions

in T2DM progression could be sustained for
up to 30 years after the active intervention
phase, as shown by the Da Qing Diabetes
Prevention Outcome Study; however, in
that study more than 80% of participants
eventually developed T2DM".

In this Perspectives, we review evidence
on the effectiveness of lifestyle interventions
in reducing T2DM incidence among
different prediabetes phenotypes and discuss
the implications for clinical and public
health practice.

Prevalence of prediabetes
Prediabetes encapsulates a number of
heterogeneous metabolic states; that is,
impaired fasting glucose (IFG), IGT or
intermediate HbA | _level (TABLE 1). Although
not a clinical entity in itself, prediabetes
identifies individuals with hyperglycaemia
who do not meet the criteria for T2DM but
whose glucose levels are higher than those
considered normal**”'. Individuals with
prediabetes are at high risk of developing
T2DM. Health-care policies recommend
that these individuals undertake lifestyle
modification, irrespective of whether
the prediabetes phenotype is defined by
hyperglycaemia in the postprandial state
(IGT) or the fasting state (IFG), or is based
only on intermediate HbA _level criteria®®.
The prevalence of isolated IFG, isolated
IGT, a combination of IFG and IGT and
intermediate HbA,_levels is quite variable
across studies” and is dependent on
the diagnostic criteria used, population
characteristics and ethnicity*>*"*>**. For
example, a 2017 review of 24 studies
conducted across European white and
Chinese Asian populations showed that,
among those with prediabetes, the average
proportional prevalence of isolated IFG
was higher in European white individuals
than in Chinese Asian individuals,
irrespective of the criteria used; however,
despite these differences being large, they
were not statistically significant (WHO
criteria 43.9% versus 29.2%; American
Diabetes Association criteria 58.0% versus
48.1%)”. In India, a large-scale nationwide
study showed that isolated IFG is a far
more common form of prediabetes than
IGT?, with the ratio of isolated IFG to IGT
reaching as high as 5:1 when the American
Diabetes Association criteria are used®.
Most evidence of benefit from lifestyle
programmes for prediabetes has been
based on interventions in individuals with
IGT'""*; to date, few studies have
assessed isolated IFG*~*" and none has
examined isolated intermediate HbA,_levels.
Of note, IGT can be diagnosed only by the
oral glucose tolerance test (OGTT). This
2-hour test is time consuming, is costly,
shows large intraindividual variability and is
difficult to accommodate within the primary
care setting, where most of the diagnoses
occur. As such, the use of the OGTT has

NATURE REVIEWS |


http://orcid.org/0000-0003-0627-0776
http://orcid.org/0000-0002-8553-2684
http://crossmark.crossref.org/dialog/?doi=10.1038/s41574-019-0316-1&domain=pdf

thus far been considered less feasible to
detect high-risk individuals for many T2DM
prevention programmes”'. Therefore,

in clinical practice, lifestyle programmes
commonly use the levels of fasting plasma
glucose (FPG), HbA | _level or a non-invasive
risk score to identify high-risk individuals

as alternatives to an OGTT®*. However,
studies from different populations have
shown that the agreement of such tests

with the OGTT in identifying those with
IGT is low's*%%,

Diabetes risk scores commonly include
risk factors such as age, family history of
T2DM, waist circumference, BMI, high
blood pressure, smoking history and
physical activity”. Although the use of such
a risk score reduces the number of people
who undergo further blood testing, a large
proportion of those identified as high risk
tend to have either normal plasma glucose
levels or isolated IFG**. In a T2DM
prevention study in a Spanish primary
health-care setting, among those with a high
Finnish Diabetes Risk Score (greater than 4),
nearly 60% had normal plasma glucose
levels*. A 2018 T2DM prevention study in
India showed that, among those identified
as high risk using a non-invasive risk score,
five times as many people had isolated IFG
than IGT?. Although individuals with
isolated IFG have a slower rate of progression
to T2DM than those with isolated IGT
or a combination of IFG and IGT*~, as
mentioned earlier, isolated IFG is a more
common form of prediabetes in certain
populations>*. From a public health point
of view, this observation is highly important,
as the absolute number of persons with
incident T2DM from the isolated IFG

subgroup might equal the number from the
other prediabetes categories that have higher
risk of T2DM.

Prediabetes phenotype

The use of the term prediabetes as a ‘cover-
all’ term for prediabetes phenotypes has led
to the appearance that lifestyle interventions
have been effective across the board at
reducing progression to T2DM; however,
most studies assessing lifestyle interventions
were undertaken only among individuals
Wlth IGTIB—IS,-W,-H.

Clinical trials in individuals with IGT. Most
of the influential clinical trials of lifestyle-
related diabetes prevention programmes
(DPPs) recruited participants on the basis of
their having IGT, and these studies showed
a clear benefit of the interventions'*-'>"*"'%,
For example, after 6 years of follow-up of
577 individuals with IGT in the Da Qing
IGT and Diabetes Study", the incidence

of T2DM was 43.8% in the diet-only group,
41.1% in the exercise-only group and 46.0%
in the diet plus exercise group, all of which
were statistically significantly lower than
the incidence in the control group (67.7%).
Furthermore, in the Finnish Diabetes
Prevention Study'?, a physical activity and
dietary intervention among 522 participants
with IGT and overweight resulted in T2DM
incidence being reduced by 58% in the inter-
vention group compared with the control
group after 4 years of follow-up (HR 0.4,
95% CI 0.3-0.7). In the US Diabetes
Prevention Program'', among participants
with IGT and overweight, participants in
the lifestyle intervention group showed a
58% (95% CI 48-66%) reduction in T2DM

Table 1 | Diagnostic criteria for prediabetes

Parameter Test used

American Diabetes Association criteria’’

IFG FPG test
IGT OGTT
HbA, HbA,_test
IEC criteria®’

HbA, HbA,_ test
WHO criteria®*!

IFG FPG test
IGT OGTT

Prediabetes range

mg/dlor % mmol/l or mmol/
(HbA,)) mol (HbA,))
100-125 5.6-6.9

140-199 7.8-11.0

5.7-6.4 39-46

6.0-6.4 42-46

110-125 6.1-6.9

140-199 7.8-11.0

FPG, fasting plasma glucose; HbA, , haemoglobin A ; IEC, International Expert Committee; IFG, impaired
fasting glucose; IGT, impaired glucose tolerance; OGTT, oral glucose tolerance test. *Prediabetes defined
by HbA,_ levelis referred to as ‘high risk’ by the IEC. Whereas the IEC suggests this definition, it noted that
there was a lack of evidence for any specific lower threshold. "The WHO currently does not have HbA
criteria for defining prediabetes. Prediabetes is referred to as ‘intermediate hyperglycaemia’ by the WHO.

incidence compared with the control group
participants after a mean follow-up of
2.8 years. In addition, in the Indian Diabetes
Prevention Programme'’, 531 individuals
with IGT showed a 28.5% reduction in
T2DM incidence in the lifestyle intervention
group compared with the control group after
a median follow-up of 30 months.

The findings from these four landmark
efficacy trials are supported by several
other RCTs conducted with individuals
with IGT*. Of note, most successful
lifestyle intervention RCTS, particularly
those conducted predominantly in white
populations, have included people with
overweight or obesity with IGT. However,
trials from Asian populations with IGT,
who are relatively leaner, have also shown
a significant reduction in the proportion
of individuals progressing to T2DM after
lifestyle intervention'®">*. More importantly,
this reduction was seen without significant
weight loss.

Lifestyle interventions in isolated IFG.
Existing data suggest that lifestyle
intervention programmes in their current
form (TABLE 2) might not prevent progression
to T2DM in individuals with isolated IFG*~*°.
In a well-controlled RCT conducted in
Japan, a subgroup analysis by glucose
metabolism phenotype was applied to

641 Japanese individuals with overweight
(aged 30-60 years) who had participated in
a 36-month trial of lifestyle modification®.
Compared with the control arm, the
intervention was remarkably effective in
preventing progression to T2DM in indi-
viduals presenting with combined IGT

and IFG (HR 0.41, 95% CI 0.24-0.69), but
not for those with isolated IFG (HR 1.17,
95% CI 0.50-2.74). Similarly, the Diabetes
Community Lifestyle Improvement
Program (D-CLIP)” trial from India failed
to demonstrate a significant reduction in the
risk of T2DM among those with isolated IFG
(relative risk (RR) reduction 12%, 95% CI
—-80% to 57%) at 36 months of follow-up,
whereas a strong benefit was observed for
the IGT plus IFG group (RR reduction

36%, 95% CI 3-57%)?. Furthermore,

most (76.5%) of those with isolated IFG

in the D-CLIP trial required metformin at

4 months, indicating the lifestyle intervention
failed to curtail disease progression.

The results from these two studies are
further supported by the Kerala Diabetes
Prevention Program (K-DPP)¥, a cluster
randomized trial in India in which most
of the study participants had isolated IFG
(57.5%). After 12 months of the lifestyle
intervention (both diet focused and
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Table 2 | Characteristics of lifestyle interventions used in DPPs

Study Lifestyle intervention
type

US Diabetes Physical activity and

Prevention dietary intervention

Program*!

Chinese Diet only, physical

Da Qing study** activity only and both
diet and physical activity

intervention groups

Finnish Diabetes
Prevention Study**

Physical activity and
dietary intervention

Indian Diabetes
Prevention
Programme**

Physical activity and
dietary intervention

physical activity focused) and 24 months of
follow-up, the RR in those with IGT was 0.66
(95% CI 0.45-0.98, P = 0.038), but no impact
of the intervention was seen in those with
isolated IFG (RR 0.95, 95% CI 0.68-1.33,

P =0.77)”. Although the Japanese study
showed that those with a combination of
IFG and HbA | _level of 6.0% or greater

had a 76% RR reduction (HR 0.24, 95% CI
0.12-0.48), such an effect was not observed
in the K-DPP trial (RR 0.91, 95% CI
0.58-1.42) (T.S.,B.0.,R.J.T, J.E.S., PZ.Z.

and K.R.T., unpublished data).

Heterogeneous metabolic states in
prediabetes. IFG and IGT differ substantially
in their underlying pathophysiology.
Although people with IFG or IGT manifest
both insulin resistance and p-cell dysfunction,
the metabolic abnormalities are very distinct
between the two conditions. For example, in
the Inter99 study”, it was found that isolated
IFG was characterized by dysfunction
in insulin secretion followed by reduced
hepatic insulin sensitivity, whereas isolated
IGT was associated with reduced whole-
body insulin sensitivity followed by a decline
in B-cell function.

IGT is characterized by marked peripheral
(skeletal muscle) insulin resistance, with
only a moderate degree of hepatic insulin
resistance, whereas individuals with IFG
have severe hepatic insulin resistance with
near normal peripheral insulin sensitivity"**'.
With regard to B-cell function, in people with
IFG, the first-phase insulin secretion in
response to intravenous glucose is severely
impaired. By contrast, individuals with

Intervention goals and/or content

7% weight loss through a healthy low-calorie,
low-fat diet and by engaging in moderate
physical activities for at least 150 min per week

Increase vegetable intake, reduce intake of
simple sugars and control alcohol intake;
increase leisure time exercise; participants with
elevated BMI were encouraged to reduce total
calorie intake for weight loss

Weight loss of 25%; <30% of daily energy intake
from fat; <10% of daily energy intake from
saturated fat; fibre intake of 15 g per 1,000 kcal
or more; moderate physical activities for at least
30 min a day

Avoid sugars and refined carbohydrates,
reduce intake of total fat and saturated fats
and increase fibre intake; moderate-intensity
activities for at least 30 min a day for those who
were sedentary or physically less active

IGT have a marked decrease in both
first-phase and second-phase insulin
secretion’®*!, Furthermore, some ethnic

groups, such as Asian Indians, have an innate

susceptibility for early decline in B-cell
function®.

The clinical importance of the distinct
prediabetes phenotypes is that individuals
with isolated IFG, in contrast to IGT and

IGT plus IFG, might not necessarily benefit

from lifestyle modifications in terms of
T2DM prevention in their current form
(TABLE 2). We propose that this difference
occurs because DPP-style lifestyle
modifications target pathophysiological
mechanisms that are not prominent in
isolated IFG”. However, a 2019 study
reported similar clinical and metabolic
responses to a lifestyle intervention

in different glycaemic status groups*.
Nevertheless, this study supports our
conclusion that lifestyle interventions
might not successfully prevent T2DM in
individuals with IFG in their current form
(TABLE 2). In the aforementioned article,

it was reported that lifestyle intervention
had no effect on FPG levels and 2-hour
postload glucose levels in individuals with
IFG, whereas both measures decreased
in individuals with IGT*. However,

after adjustment for baseline FPG levels
and 2-hour postload glucose levels, the
difference in effect between IFG and IGT
disappeared. We do not see the benefit of

comparing IGT and IFG after adjustment for
differences in glucose levels, and we propose

that the most relevant findings from this
study are the unadjusted ones.

Intervention delivery structure

Case managers taught a 16-lesson curriculum on
an individual basis during the first 6 months after
enrolment; individual and group sessions were
organized at monthly intervals (usually) thereafter;
the intervention lasted for a mean of 2.8 years

Participants received individual counselling
sessions by physicians; group counselling sessions
were conducted weekly in the first month, at a
monthly interval for the following 3 months and
then every 3 months for up to 6 years

Participants received one-to-one counselling
sessions from nutritionists; 7 sessions were
delivered in the first year and 1 session

was delivered every 3 months thereafter.

The intervention lasted for a median of 4 years

Intervention was delivered on a one-to-one basis
at 6-monthly intervals for 3 years; monthly phone
calls to maintain the behavioural change

Evidence to date shows that lifestyle
interventions have heterogeneity in their
effects, resulting in discordant T2DM risk
reduction across the spectrum of prediabetes
phenotypes (as defined by glucose levels).
These differences are most likely explained
by the heterogeneous metabolic states
occurring in the pathophysiology of IFG
and IGT4(),41,43,44,4775() [FlG | ].

Potential modifications to DPPs
Data captured from healthy individuals
indicate that physical activity levels are
associated with postprandial plasma
glucose levels but not FPG levels™.
The Mediterranean diet (a diet high in
vegetables, fruits, beans, whole grains, olive
oil, nuts and seeds) has been shown to be
inversely associated with IFG, which might
make it a better diet than those currently
used in DPPs (TABLE 2) for this high-risk
group®’. Furthermore, high-intensity interval
training in isolation>® or in combination with
the Mediterranean diet™ has been shown
to reduce FPG levels and insulin resistance
in people with obesity. Research in patients
with established T2DM demonstrates that a
much more demanding dietary intervention
with greater caloric restriction than that
used in DPPs™ results in considerable
reductions in hepatic adiposity, with a
consequent normalization of hepatic glucose
production and thus decreased FPG levels*.
Findings from the cluster-randomized
DiRECT trial have shown that individuals
with T2DM who achieve significant weight
loss through a substantial reduction in
calories (~800 kcal per day for 3-5 months)
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Fig. 1| Distinct pathophysiological profiles of prediabetes phenotypes. Peripheral insulin sensi-

tivity is decreased in individials with isolated impa

ired glucose tolerance (IGT) and those with IGT

combined with impaired fasting glucose (IFG), whereas individuals with isolated IFG typically have
lesser reductions in peripheral insulin sensitivity but greater reductions in hepatic insulin sensitivity.
Individuals with IFG are able to partially combat hepatic insulin resistance with increased insulin secre-

tion, whereas individuals with IGT and individua

Is with IGT combined with IFG are not. Green

(unimpaired), amber and red (most impaired) colours relate to the degree of metabolic impairment in

each phenotype. NGT, normal glucose tolerance.

followed by progressive food reintroduction
can and are more likely to achieve remission
to a non-diabetic state. Moreover, this

trial concluded that such an intervention

is feasible for implementation in primary
care”’. Therefore, from our current
understanding of the pathophysiology of
T2DM, it might be necessary for DPPs to
adopt a more intensive caloric restriction

to achieve improvements in individuals with
isolated IFG, possibly with complementary
pharmacological therapy™.

Findings from the ongoing PREVIEW
trial might provide further insight. The
PREVIEW trial enrolled people with
prediabetes (including 64% with isolated
IFG)®, who underwent an 8-week intensive
weight-loss phase, using a formula low-
calorie diet (~800 kcal per day), followed by
a 148-week maintenance phase®. After the
8-week intervention, significant weight loss
was achieved (~10% body weight, which
is ~10 kg), along with improvements in
metabolic parameters, including decreases
in FPG level, fasting insulin level and
insulin resistance as defined by homeostatic
model assessment®. Furthermore, ~35%
of the individuals with IFG determined by
screening at the baseline reverted to normal
glucose tolerance, with this proportion
increasing to ~40% among those who
met a predefined weight-loss target of a
reduction of 8% or more of initial body
weight®. A 2019 study showed that the
anticipated cardiovascular risk reduction
that should accompany the reversion to

normoglycaemia extends only to individuals
with IGT, and not to individuals with IFG®".

Nevertheless, the wider-reaching benefits of
general lifestyle improvement should not be
underestimated.

Diagnostic tests
Given the logistical challenges of large-scale
use of the 2-hour OGTT, the inability of
HbA, and FPG levels to identify people
with IGT"® and the limitations of currently
available risk scores, other diagnostic
means should be sought to detect high-
risk individuals who could benefit from
lifestyle-based DPPs. Although extensive
literature exists on the association of several
biomarkers with the risk of developing
T2DM, the utility of these biomarkers in
clinical prediction and DPPs remains largely
unknown®. However, evidence is emerging
for the utility of some novel biomarkers such
as betaine (a plasma metabolite), the levels
of which increased on lifestyle intervention,
and this improvement was associated with
lower T2DM incidence®. Such biomarkers
could complement the standard clinical
and biochemical measures that help predict
blood glucose responses to a lifestyle
intervention.

Precision medicine in T2DM could
be greatly enhanced by knowing the
prediabetes phenotype, thereby allowing
improved individualized treatment
recommendations in the future. The
accurate identification of high-risk
individuals by phenotype could accelerate

the development of new treatments and
provide novel care pathways, particularly
in resource-poor settings. Technologies
are currently being developed to allow an
OGTT to be performed at home, which
could assist in overcoming the logistical
challenges of the current 2-hour OGTT*".
In 2018, however, researchers petitioned
to scrap the 2-hour OGTT and use a
1-hour OGTT instead®. Notwithstanding
this, maybe it is time to move away from
traditional assessments to identify risk
and include methods to predict DPP
responsiveness on the basis of underlying
pathophysiology. Artificial intelligence
approaches using non-invasive imaging
techniques might provide a scalable and
inexpensive test to distinguish prediabetes
phenotypes from a retinal image*. Through
the use of new, innovative technology,
research has provided strong evidence
regarding the potential value of deep
learning artificial intelligence to predict
HbA,_ level, age, sex and blood pressure
from a retinal image alone®.

Conclusions

Despite some advances in our understanding
of the pathogenesis of T2DM, effective
means of reducing the incidence of this
disease have been elusive. Moreover, a
translational gap between trial evidence

and implementation into routine care is
apparent. The evidence to date indicates
that lifestyle interventions in their current
format have not succeeded in preventing
the relentless progression to T2DM

in individuals with isolated IFG. We
propose that further research is needed

to identify effective lifestyle interventions
for individuals with isolated IFG. While
efforts to expand the evidence for effective
lifestyle interventions in people with
isolated IFG occur, those individuals should
receive general lifestyle advice rather than
be enrolled onto specific DPPs. A need

also exists for research to identify people
with IGT other than by using the currently
available 2-hour OGT'T. As the prevalence
of T2DM increases, it is clear that if we are
to transform DPPs, a new, innovative and
aggressive approach to better identifying
and providing targeted lifestyle interventions
is needed. New approaches should attempt
to counter the distinct pathophysiological
and clinical course of progression to T2DM,
with an empbhasis on isolated IFG.

Matthew D. Campbell'-2313,

Thirunavukkarasu Sathish*>¢13, Paul Z. Zimmet{2)7,
Kavumpurathu R. Thankappan®, Brian Oldenburg®®,
David R. Owens'®, Jonathan E. Shaw'"'% and

Robyn J. Tapp((2)5-12.14

www.nature.com/nrendo


http://orcid.org/0000-0003-0627-0776
http://orcid.org/0000-0002-8553-2684

School of Food Science and Nutrition, University
of Leeds, Leeds, UK.

?Leeds Institute of Cardiovascular and Metabolic
Medicine, University of Leeds, Leeds, UK.

3School of Food Science and Bioengineering, Zhejiang
Gongshang University, Hangzhou, China.

“Population Health Research Institute, McMaster
University, Hamilton, ON, Canada.

>Melbourne School of Population and Global Health,
University of Melbourne, Melbourne, VIC, Australia.

SCentre for Population Health Sciences, Lee Kong Chian
School of Medicine, Nanyang Technological University,
Singapore, Singapore.

’Department of Diabetes, Central Clinical School,
Monash University, Clayton, VIC, Australia.

8Central University of Kerala at Kasargod, Kerala, India.

SWHO Collaborating Centre on Implementation
Research for Prevention and Control of
Noncommunicable Diseases, University of Melbourne,
Melbourne, VIC, Australia.

°Djabetes Research Unit Cymru, Swansea University,
Swansea, UK.

""Baker Heart and Diabetes Institute, Melbourne,
VIC, Australia.

12Population Health Research Institute, St George’s,
University of London, London, UK.

I3These authors contributed equally:
Matthew D. Campbell, Thirunavukkarasu Sathish.

“These authors jointly supervised this work:
Jonathan E. Shaw, Robyn J. Tapp.

He-mail: robyn.tapp @unimelb.edu.au
https://doi.org/10.1038/s41574-019-0316-1
Published online: 14 February 2020

1. International Diabetes Federation. IDF Diabetes Atlas,
Ninth Edition 2019 (IDF, 2019).

2. Herman, W. H. The economic costs of diabetes: is it
time for a new treatment paradigm? Diabetes Care.
36, 775-776 (2013).

3. World Health Organiszation. Global Report on
Diabetes (WHO, 2016).

4. United Nations General Assembly. Political Declaration
of the High-Level Meeting of the General Assembly on
the Prevention and Control of Non-Communicable
Diseases (UN, 2012).

5. Khunti, K. et al. The Berlin Declaration: a call to
improve early actions related to type 2 diabetes.

Why is primary care important? Prim. Care Diabetes
12,383-392 (2018).

6. American Diabetes Association. Standards of medical
care in diabetes — 2017 abridged for primary care
providers. Clin. Diabetes 35, 5-26 (2017).

7.  Waugh, N. R., Shyangdan, D., Taylor-Phillips, S., Suri, G.
& Hall, B. Screening for type 2 diabetes: a short report
for the national screening committee. Health Technol.
Assess. 17, 1-90 (2013).

8.  Albright, A. L. & Gregg, E. W. Preventing type 2
diabetes in communities across the U.S.: the National
Diabetes Prevention Program. Am. J. Prev. Med. 44,
S346-S351 (2013).

9. Diabetes Prevention Program Research Group.

The Diabetes Prevention Program (DPP): description
of lifestyle intervention. Diabetes Care 25, 2165-2171
(2002).

10.  Ramachandran, A. et al. The Indian Diabetes Prevention
Programme shows that lifestyle modification and
metformin prevent type 2 diabetes in Asian Indian
subjects with impaired glucose tolerance (IDPP-1).
Diabetologica 49, 289-297 (2006).

11.  Knowler, W. C. et al. Reduction in the incidence of
type 2 diabetes with lifestyle intervention or metformin.
N. Engl. J. Med. 346, 393-403 (2002).

12. Tuomilehto, J. et al. Prevention of type 2 diabetes
mellitus by changes in lifestyle among subjects with
impaired glucose tolerance. N. Engl. J. Med. 344,
1343-1350 (2001).

13. Pan, X. R. et al. Effects of diet and exercise in
preventing NIDDM in people with impaired glucose
tolerance: the Da Qing IGT and Diabetes Study.
Diabetes Care. 20, 537-544 (1997).

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

33.

35.

Lindstrom, J. et al. Sustained reduction in the
incidence of type 2 diabetes by lifestyle intervention:
follow-up of the Finnish Diabetes Prevention Study.
Lancet 368, 1673—-1679 (2006).

Li, G. et al. The long-term effect of lifestyle
interventions to prevent diabetes in the China Da Qing
Diabetes Prevention Study: a 20-year follow-up study.
Lancet 371, 17831789 (2008).

Diabetes Prevention Program Research Group.
10-year follow-up of diabetes incidence and weight
loss in the diabetes prevention program outcomes
study. Lancet 374, 1677-1686 (2009).

Gillies, C. L. et al. Pharmacological and lifestyle
interventions to prevent or delay type 2 diabetes in
people with impaired glucose tolerance: systematic
review and meta-analysis. Br. Med. J. 334, 299
(2007).

Barry, E. et al. Efficacy and effectiveness of screen
and treat policies in prevention of type 2 diabetes:
systematic review and meta-analysis of screening
tests and interventions. Br. Med. J. 356, 16538
(2017).

Gong, Q. et al. Morbidity and mortality after lifestyle
intervention for people with impaired glucose
tolerance: 30-year results of the Da Qing Diabetes
Prevention Outcome Study. Lancet Diabetes
Endocrinol. 7, 452—-461 (2019).

American Diabetes Association. Classification and
diagnosis of diabetes: standards of medical care

in diabetes—2019. Diabetes Care 42, S13-S28
(2019).

World Health Organization. Definition and Diagnosis
of Diabetes Mellitus and Intermediate Hyperglycemia:
Report of a WHO/IFG Consultation (WHO, 2006).
Yip, W. C. Y., Sequeira, I. R,, Plank, L. D. & Poppitt, S. D.
Prevalence of pre-diabetes across ethnicities: a review
of impaired fasting glucose (IFG) and impaired glucose
tolerance (IGT) for classification of dysglycaemia.
Nutrients 9, E1273 (2017).

Eades, C. E., France, E. F. & Evans, J. M. Prevalence of
impaired glucose regulation in Europe: a meta-analysis.
Eur. J. Public Health 26, 699—-706 (2016).

Sentell, T. L., He, G., Gregg, E. W. & Schillinger, D.
Racial/ethnic variation in prevalence estimates for
United States prediabetes under alternative 2010
American Diabetes Association criteria: 1988-2008.
Ethn. Dis. 22, 451-458 (2012).

Anjana, R. M. et al. Prevalence of diabetes and
prediabetes in 15 states of India: results from the
ICMR-INDIAB population-based cross-sectional
study. Lancet Diabetes Endocrinol. 5, 585-596
(2017).

Kosaka, K., Noda, M. & Kuzuya, T. Prevention of type 2
diabetes by lifestyle intervention: a Japanese trial

in IGT males. Diabetes Res. Clin. Pract. 67, 152—162
(2005).

Weber, M. B. et al. The stepwise approach to diabetes
prevention: results from the D-CLIP randomized
controlled trial. Diabetes Care 39, 1760—1767 (2016).
Saito, T. et al. Lifestyle modification and prevention of
type 2 diabetes in overweight Japanese with impaired
fasting glucose levels: a randomized controlled trial.
Arch. Intern. Med. 171, 1352-1360 (2011).
Thankappan, K. R. et al. A peer-support lifestyle
intervention for preventing type 2 diabetes in India:

a cluster-randomized controlled trial of the Kerala
diabetes prevention program. PLoS Med. 15,
1002575 (2018).

Davies, M. J. et al. A community based primary
prevention programme for type 2 diabetes integrating
identification and lifestyle intervention for prevention:
the Let’s Prevent Diabetes cluster randomised
controlled trial. Prev. Med. 84, 48-56 (2016).
Wareham, N. J. & Pfister, R. Diabetes: glycated
hemoglobin is a marker of diabetes and CVD risk.
Nat. Rev. Cardiol. 7, 367-368 (2010).

Aziz, Z., Absetz, P., Oldroyd, J., Pronk, N. P. &
Oldenburg, B. A systematic review of real-world
diabetes prevention programs: learnings from the
last 15 years. Implement. Sci. 10, 172 (2015).
Franco, L. J. et al. Performance of glycated
haemoglobin (HbA1c) as a screening test for diabetes
and impaired glucose tolerance (IGT) in a high

risk population—the Brazilian Xavante Indians.
Diabetes Res. Clin. Pract. 106, 337-342 (2014).
Sequeira, I. R. & Poppitt, S. D. HbA1c as a marker

of prediabetes: a reliable screening tool or not?
Insights Nutr. Metab. 1, 21-29 (2017).

Noble, D., Mathur, R., Dent, T., Meads, C. &
Greenhalgh, T. Risk models and scores for type 2
diabetes: systematic review. Br. Med. J. 343, d7163
(2011).

36.

37.

38.

39.

40.

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Costa, B. et al. Delaying progression to type 2
diabetes among high-risk Spanish individuals is
feasible in real-life primary healthcare settings using
intensive lifestyle intervention. Diabetologica 55,
1319-1328 (2012).

Anjana, R. M. et al. Incidence of diabetes and
prediabetes and predictors of progression among
Asian Indians: 10-year follow-up of the Chennai Urban
Rural Epidemiology Study (CURES). Diabetes Care 38,
1441-1448 (2015).

Morris, D. H. et al. Progression rates from HbA1c
6.0-6.4% and other prediabetes definitions to

type 2 diabetes: a meta-analysis. Diabetologica 56,
1489-1493 (2013).

Richter, B., Hemmingsen, B., Metzendorf, M. I. &
Takwoingi, Y. Development of type 2 diabetes
mellitus in people with intermediate hyperglycaemia.
Cochrane Database Syst. Rev. 10, CD012661

(2018).

Kanat, M. et al. Distinct beta-cell defects in impaired
fasting glucose and impaired glucose tolerance.
Diabetes. 61, 447-453 (2012).

Faerch, K., Borch-Johnsen, K., Holst, J. J. & Vaag, A.
Pathophysiology and aetiology of impaired fasting
glycaemia and impaired glucose tolerance:

does it matter for prevention and treatment of

type 2 diabetes? Diabetologica 52, 1714-1723
(2009).

Glechner, A. et al. Effects of lifestyle changes on
adults with prediabetes: a systematic review and
meta-analysis. Prim. Care Diabetes 12, 393-408
(2018).

Faerch, K. et al. Natural history of insulin sensitivity
and insulin secretion in the progression from normal
glucose tolerance to impaired fasting glycemia and
impaired glucose tolerance: the Inter99 study.
Diabetes Care 32, 439—444 (2009).

Kanat, M. et al. Impaired early- but not late-phase
insulin secretion in subjects with impaired fasting
glucose. Acta Diabetol. 48, 209-217 (2011).

Guijral, U. P, Narayan, K. M., Kahn, S. E. & Kanaya, A. M.
The relative associations of beta-cell function and insulin
sensitivity with glycemic status and incident glycemic
progression in migrant Asian Indians in the United
States: the MASALA study. J. Diabetes Complicat. 28,
45-50 (2014).

O’Donoghue, G. et al. Phenotypic responses to a
lifestyle intervention do not account for inter-individual
variability in glucose tolerance for individuals at

high risk of type 2 diabetes. Front. Physiol. 10, 317
(2019).

Kantartzis, K. et al. The impact of liver fat vs visceral
fat in determining categories of prediabetes.
Diabetologica 53, 882-889 (2010).

Borel, A. L. et al. Visceral, subcutaneous abdominal
adiposity and liver fat content distribution in normal
glucose tolerance, impaired fasting glucose and/or
impaired glucose tolerance. Int. J. Obes. 39, 495-501
(2015).

Meyer, C. et al. Different mechanisms for impaired
fasting glucose and impaired postprandial glucose
tolerance in humans. Diabetes Care. 29, 1909-1914
(2006).

Faerch, K. et al. Impaired fasting glycaemia vs impaired
glucose tolerance: similar impairment of pancreatic
alpha and beta cell function but differential roles of
incretin hormones and insulin action. Diabetologica
51, 853-861 (2008).

Healy, G. N, Dunstan, D. W,, Shaw, J. E., Zimmet, P. Z.
& Owen, N. Beneficial associations of physical

activity with 2-h but not fasting blood glucose in
Australian adults. Diabetes Care 29, 2598-2604
(2006).

Viscogliosi, G. et al. Mediterranean dietary pattern
adherence: associations with prediabetes, metabolic
syndrome, and related microinflammation.

Metab. Syndr. Relat. Disord. 11, 210-216 (2013).
Marcinko, K. et al. High intensity interval training
improves liver and adipose tissue insulin sensitivity.
Mol. Metab. 4, 903-915 (2015).

Marquis-Gravel, G. et al. Intensive lifestyle intervention
including high-intensity interval training program
improves insulin resistance and fasting plasma

glucose in obese patients. Prev. Med. Rep. 2, 314-318
(2015).

Lim, E. L. et al. Reversal of type 2 diabetes:
normalisation of beta cell function in association

with decreased pancreas and liver triacylglycerol.
Diabetologica 54, 2506-2514 (2011).

Steven, S. et al. Weight loss decreases excess
pancreatic triacylglycerol specifically in type 2
diabetes. Diabetes Care 39, 158—165 (2016).

NATURE REVIEWS |


mailto:robyn.tapp@unimelb.edu.au
https://doi.org/10.1038/s41574-019-0316-1

57.

58.

59.

60.

Lean, M. E. et al. Primary care-led weight
management for remission of type 2 diabetes
(DIiRECT): an open-label, cluster-randomised trial.
Lancet 391, 541-551 (2018).

Taylor, R. Type 2 diabetes: etiology and reversibility.
Diabetes Care 36, 1047-1055 (2013).

Armato, J. P., DeFronzo, R. A., Abdul-Ghani, M. &
Ruby, R. J. Successful treatment of prediabetes in
clinical practice using physiological assessment

(STOP DIABETES). Lancet Diabetes Endocrinol.

6, 781-789 (2018).

Christensen, P. et al. Men and women respond differently
to rapid weight loss: metabolic outcomes of a multi-
centre intervention study after a low-energy diet in 2500
overweight, individuals with pre-diabetes (PREVIEW).
Diabetes Obes. Metab. 20, 2840-2851 (2018).
Vistisen, D. et al. Reversion from prediabetes to
normoglycaemia and risk of cardiovascular disease
and mortality: the Whitehall Il cohort study.
Diabetologica 62, 1385-1390 (2019).

62.

63.

64.

65.

66.

Abbasi, A. et al. A systematic review of biomarkers
and risk of incident type 2 diabetes: an overview of
epidemiological, prediction and aetiological

research literature. PLoS One. 11, e0163721

(2016).

Walford, G. A. et al. Metabolite profiles of diabetes
incidence and intervention response in the Diabetes
Prevention Program. Diabetes 65, 1424—1433
(2016).

Dunseath, G. J. et al. Performance evaluation of a
self-administered home oral glucose tolerance test kit
in a controlled clinical research setting. Diabet. Med.
36,862-867 (2019).

Bergman, M. et al. Petition to replace current OGTT
criteria for diagnosing prediabetes with the 1-hour
post-load plasma glucose>/=155mg/dl (8.6mmol/L).
Diabetes Res. Clin. Pract. 146, 18—-33 (2018).
Poplin, R. et al. Predicting cardiovascular risk factors
from retinal fundus photographs using deep learning.
Nat. Biomed. Eng. 2, 158—-164 (2017).

67. International Expert Committee. International Expert
Committee report on the role of the A1C assay in the
diagnosis of diabetes. Diabetes Care 32, 1327-1334
(2009).

Author contributions

R.J.T.,, M.D.C. and T.S. researched data for the article and
wrote the article. RJ.T.,, M.D.C.,, T.S., K.R.T.,, P.Z.Z., B.O,,
D.R.O. and J.E.S. contributed substantially to discussion of
the content. All authors reviewed and edited the manuscript
before submission.

Competing interests
The authors declare no competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

© Springer Nature Limited 2020

www.nature.com/nrendo



	Benefit of lifestyle-​based T2DM prevention is influenced by prediabetes phenotype

	Prevalence of prediabetes

	Prediabetes phenotype

	Clinical trials in individuals with IGT. 
	Lifestyle interventions in isolated IFG. 
	Heterogeneous metabolic states in prediabetes. 

	Potential modifications to DPPs

	Diagnostic tests

	Conclusions

	﻿Fig. 1 Distinct pathophysiological profiles of prediabetes phenotypes.
	Table 1 Diagnostic criteria for prediabetes.
	Table 2 Characteristics of lifestyle interventions used in DPPs.


