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1.1. History of the Diagnosis of Diabetes Mellitus Type

2

1.1.1. The Name

The first description of two types of diabetes mellitus is attributed to
Sushruta and Charaka in the fifth century AD1.They observed that thin
individuals with diabetes developed diabetes at a younger age in contrast
to heavier individuals with diabetes, who had a later onset and lived for
a longer period of time after diagnosis. Diabetes was diagnosed based
on clinical symptoms of hyperglycaemia, and it appears that these dif-
ferent presentations were seen as variations of a single disease and not as
entities with a separate pathophysiology2. The recognition of these sep-
arate phenotypes to be different diseases was first described in 1875 by
Bouchardet3. He proposed a classification of diabète maigre and diabète

gras to distinguish between two syndromes he deemed to have differ-
ent prognosis and clinical management. This distinction did not seem to
find enough traction and seems to have been lost. In the beginning of the
twentieth century the tendency was to consider "mild" and "severe" forms
of the disease along with other terms delineating age of onset. During the
1930s the concept of secondary diabetes was described to diabetes asso-
ciated with other diseases like haemochromatosis, pancreatitis etc. This
term was used in distinction with primary or idiopathic diabetes. There
were many attempts to stage primary diabetes, however these terms were
not used uniformly2.

The British physician Harold Percival Himsworth was the first to de-
scribe a distinction of the various presentations of diabetes based on
their physiology. He described in 1936 "insulin sensitive" and "insulin
resistant" individuals with diabetes, incidentally also laying the ground-
work for the clamp-technique4. He went on stating that diabetes mellitus
is not one disease but a syndrome encompassing a group of disorders dif-
fering in their clinical presentation and pathophysiology5. Following this,
R.D. Lawrence summarised in his presidential address in 1950 that hu-
man diabetics are divided clinically into two main types: those who are
probably not insulin deficient and those that are6.

It was the British respiratory Physician Philip Hugh-Jones who appears
two have introduced the terminology "Type 1 and 2 diabetes" in 1955 as
a clinical classification7 (A previous mention of type I and II diabetes was
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Table 1.1.: Diabetes classification based on NDDG, 1979

Insulin dependent diabetes mellitus (IDDM):
Type I

Non insulin dependent diabetes mellitus
(NIDDM): Type II

Nonobese
Obese

Other types, including diabetes mellitus associated
with certain conditions and syndromes

Pancreatic disease
Hormonal
Drug or chemical induced
Other types

Impaired glucose tolerance (IGT) Nonobese
Obese
Associated with certain
conditions and syndromes

Gestational Diabetes

made in 19518, these types relate to constitutional make-up or physique
of the patient and not to pathophysiology and should therefore not be
counted as the first mention). These terms did not gain widespread
use until they were revived by Andrew Cudworth in 19769, who subse-
quently popularised its use along with other authors10. Up until this
period, there was no consensus as to the classification or the appropriate
diagnostic criteria. This was a growing concern in the diabetes medical
community.

Similarly the types of diabetes were loosely divided into juvenile

onset and maturity onset, with secondary diabetes, chemical di-

abetes, borderline diabetes and prediabetes all used in ill-defined

ways. (Alberti and Zimmet 199811)

In an effort to harmonise the use for both clinical and research pur-
poses the National Diabetes Data Group (NDDG) in conjunction with
the World Health Organization (WHO) revised and published new and
unified criteria for the classification and diagnosis of diabetes mellitus
using an equivalence of these terms in 1979, see Table 1.112,13. This
classification system consisted of mutually exclusive categories based on
simple clinical observation.

For the semantics part of the classifications, there remained a feeling
that further revision was deemed necessary. The NDDG classified on the
basis of clinical descriptors, whereas the authors who popularised the
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Table 1.2.: Aetiologic classification of diabetes mellitus, based on Export Committee
report 2003

I. Type 1 diabetes* (β-cell destruction, usually leading to absolute insulin
deficiency)

A. Immune mediated

B. Idiopathic

II. Type 2 diabetes* (may range from predominantly insulin resistance with
relative insulin deficiency to a predominantly secretory defect with insulin
resistance)

III. Other specific types**

A. Genetic defects of β-cell function

B. Genetic defects in insulin action

C. Diseases of exocrine pancreas

D. Endocrinopathies

E. Drug- or chemical-induced

F. Infections

G. Uncommon forms of immune-mediated diabetes

H. Other genetic syndromes sometimes associated with diabetes

IV. Gestational diabetes mellitus (GDM)

* Patients with any form of diabetes may require insulin treatment at some stage
of their disease. Such use of insulin does not, of itself, classify the patient.

** In the article, all subcategories contained specifics

term made the distinction on aetiological grounds. In the subsequent
years, with burgeoning of pathophysiological knowledge about diabetes,
it was felt that an aetiology-based system could be used. To this end, the
Expert Committee on the Diagnosis and Classification of Diabetes Mel-
litus published a revised classification first in 199714, after which some
modifications were made regarding the diagnosis of impaired fasting glu-
cose to result in the classifications published in 2003, see Table 1.215.
Most notable amongst these changes are the abandonment of the terms
insulin-dependend diabetes mellitus and non-insulin-dependent diabetes
mellitus, including their acronym.This eliminates classification based on
treatment. Also, the Roman numerals were replaced by Arabic numer-
als.

In this definition, diabetes is classified into four general categories, into
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Table 1.3.: Types of diabetes as described by the WHO 2019

Type 1 diabetes

Type 2 diabetes

Hybrid forms of diabetes

Slowly evolving immune-mediates diabetes of adults (previous LADA)

Ketosis prone type 2 diabetes

Other specific types

Monogenic Diabetes
-Monogenic defects of β-cell function
-Monogenic defects in insulin action

Diseases of the exocrine pancreas

Endocrine disorders

Drug- or chemical-induced

Infections

Uncommon specific forms of immune-mediated diabetes

Other genetic syndromes sometimes associated with diabetes

Unclassified diabetes

This category should be used temporarily when there is not a clear diagnostic
category especially close to the time of diagnosis of diabetes

Hyperglycaemia first detected during pregnancy

Diabetes mellitus in pregnancy

Gestational diabetes mellitus

which the specific aetiological subtypes can be divided. This system is
by and large still in place today. In clinical care, it is of course possible
for patients to suffer from two or more forms of diabetes simultaneously
or consecutively. This has sprouted the term ’atypical diabetes’, denom-
inating a wide range of phenotypic forms of diabetes of uncertain patho-
physiology which can not easily be classified in the existing categories16.
These developments led to the addition of two extra categories to the
most recent WHO consultation on the diagnosis of diabetes, with some
other minor changes see Table 1.317. Adding to this complexity is the
worldwide epidemic of obesity, which has superimposed the pathophysi-
ology of type 2 diabetes across all other types.
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1.1.2. Glucose Criteria

The 1979 classification was also the first harmonization of glucose cri-
teria. Prior to this classification, at least six different sets of criteria
diagnosed diabetes18. The NDDG aimed to create a system of mutually
exclusive classes that required only simple clinical measurements. Di-
abetes was classified if the patient exhibits obvious diabetes symptoms
as polyuria, polydipsia, ketonuria and rapid weight loss, together with
gross and unequivocal elevation of plasma glucose (PG). In the absence
of these signs and symptoms, quantitative measurements of PG are pre-
scribed for making a clinical diagnosis of diabetes. This can be done
by measuring the fasting plasma glucose (FPG), if this is not elevated
an oral glucose tolerance test (OGTT) should be performed. If the FPG
meets the diabetes criteria, an OGTT is not necessary. The authors stress
that PG should be measured under controlled conditions, and for clinical
diagnostic purposes, more than once. Factors other than diabetes that
elevate PG should be carefully considered. They also state that there
is ’abundant evidence’ of a large intra subject variability of the OGTT.
Whereby, individuals who classified as diabetic on one test could classify
as normal on another12. Is does seem that the average PG glucose for
the group as a whole stays the same over time, suggesting the OGTT
can be used for epidemiological measurements of insulin resistance.

The substantial differences in the diagnostic criteria used in practice re-
sults from the fact that there is no clear division between diabetics and
non-diabetics in their FPG concentration or their response to a glucose
load. The PG in almost all populations follows a continuous unimodal
distribution with a rightward skew19,20. No features of this curve allows
a good distinction between diabetics and non-diabetics. The extensively
studied Pima Indian21 and Nauruan population22 exhibit a bimodal dis-
tribution because of a very high prevalence of diabetes. In this distri-
bution, a distinction can be found between-non diabetics and diabetics,
where a FPG of 7.8 mmol/l distinguishes between the two modes. For
the OGTT the 2-h PG of non-diabetics are below 11.1 mmol/l and of
diabetics above 13.3 mmol/l. In a systematic survey of the Pima Indians,
it was found that the presence of diabetic symptoms and complications
were largely confined to the second mode. Alongside this information,
the NDDG had four long-term prospective studies on which to base their
criteria23–26. These studies followed participants whose initial glucose
intolerance was between what they termed normal and overt diabetes.
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This state is now often termed intermediate hyperglycaemia (IH). There
were no uniform criteria between the studies, but in general the FPG was
below 7.8 mmol/l and the 2-h PG after OGTT (also non-standardised
glucose load) was between 7.8 and 11.1 mmol/l. Overt diabetes was
considered with very high glucose values (>16.7mmol/l) and/or clini-
cal symptoms of diabetes and/or microvascular complications alongside
hyperglycaemia. The general findings in these studies were that the over-
whelming majority of individuals with IH should constitute a separate
category. The development to overt diabetes occurs at a rate of 1%-5%
per year. While a large proportion of individuals spontaneously revert to
normal glucose metabolism (NGM) or stays in the IH stage. These four
studies totalled a number of 1166 participants with a follow-up between
1-12 years. Based on these results combined with the bimodal distribu-
tion cut-offs found in the Pima Indians population, and the information
that in a few research populations the 2-h PG values plotted on a log/log
scale indicated a second distribution curve starting around 11.1 mmol/l,
the NDDG concluded that the term diabetes mellitus should be restricted
to individuals who have;

1. Overt diabetic symptoms and unequivocal hyperglycaemia or

2. FPG levels higher than 7.8 mmol/l on more than one occasion or

3. if FPG is not elevated, PG levels during OGTT that exceed 11.1
mmol/l both at 2 h after administration and at some other time
point between time 0 and 2 h on more than one occasions

They further concluded with an anticipated change of these criteria with
future research advances, specifically stating that FPG levels between 6.9
mmol/l and 7.8 mmol/l indicate a degree of abnormal glucose metabolism
that has not been fully assessed yet. The WHO endorsed the current
criteria with the adjustment of rounding the glucose values tot the nearest
whole mmol/l13.

The above criteria remained the same, apart from some minor modifica-
tions by the WHO in 198527, until in 1997, with the adjustment of the
nomenclature, the Expert Committee convened by the ADA re-examined
the diagnosis of diabetes in light of new information14. They revised the
glucose criteria for diagnosing diabetes as shown in Table 1.4, in addi-
tion to the criterium of symptoms with a casual plasma glucose ≥11.1
mmol/l.
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Table 1.4.: Criteria for the diagnosis of diabetes mellitus formulated by the Expert
Committee in 1997

Test NGM Impaired- fasting
glucose
(IFG)/glucose
tolerance (IGT)

Diabetes mellitus*

FPG (mmol/l) <6.1 ≥6.1 and <7.0 ≥7.0

2-h postload
glucose from
OGTT (2h
OGTT)

< 7.8 ≥7.8 < 11.1
mmol/l

≥11.1

* Diagnosis of diabetes needs to be confirmed, on a subsequent day, by any one of
the methods given.

One of the members of this Expert Committee stated that a leading
motivation in lowering the FPG criterium was to reduce the discrepancy
in diagnosis between the OGTT and the FPG28. This motivation is
described in the report of the Committee. They reported the findings
from a study in Pima Indians29 where the FPG level equivalent to the
2h OGTT criterium of ≥11.1 mmol/l was shown to be 6.8 mmol/l. In
a study encompassing 13 Pacific populations the FPG criterium that
gave an equal prevalence to the ≥11.1 mmol/l OGTT was found to be
7.0 mmol/l30. The same method was applied to a cohort in the Third
National Health and Nutrition Examiniation Survey (NHANES III) in
which the cutpoint was 6.7 mmol/l.

They further justified this criterium by linking levels of glycaemia with
diabetic retinopathy in populations of Pima Indians (n = 960)29, , Egyp-
tians (n = 1,081)31 and a cohort in NHANES III (n = 2,821)14. For these
studies they reported the FPG, 2h OGTT and glycated heamoglobin
(HbA1c) levels, which they divided into deciles for each study. For the
studies in the Pima Indians and NHANES III they found a dramatic in-
crease in the prevalence of retinopathy in the highest decile (7.6 mmol/l
and 6.7 mmol/l respectively) and in the Egyptians in the second highest
decile (7.2 mmol/l). These values are somewhat misleading as a jus-
tification for the new criterium as they are the lowest glycaemic level
in each decile in which the prevalence increased. The Expert Commit-
tee recognizes that the estimates of these ’thresholds’ for retinopathy
are somewhat imprecise. However, more precision could not be easily
obtained because of the limited number of cases of retinopathy in each
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sample (32 cases in Pima Indians, 146 in the Egyptian study and 111 in
NHANES III).

Further evidence for lowering the FPG criterium was obtained form a let-
ter from researchers of the Paris Prospective Study32. These researchers
reported, in light of the oncoming review of the diabetes criteria, the
incidence of fatal coronary heart disease to be related to both FPG and
2h OGTT at a baseline examination. Incidence rates were markedly in-
creased at FPG ≥6.9 mmol/l or 2h OGTT ≥7.8 mmol/l. The Expert
Committee also reported a personal communication with researchers in-
volved with the Baltimore Longitudinal Study of Aging. Here the in-
cidence of coronary disease and the all-cause mortality rates increased
markedly and almost linearly above FPG levels in the range of 6.1-6.7
mmol/l14. They concluded that both FPG and 2h OGTT provided im-
portant information regarding risk of both micro- and macrovascular dis-
ease and that the approximate thresholds for increased risk correspond
with those for retinopathy.

This lowering of the FPG values was not without controversy and has
been debated in subsequent years11,33. Among the criticism is the fact
that different individuals may be classed depending on which method is
used, and that more people may have diabetes in toto using the FPG
rather then the 2h OGTT WHO test34,35.

The diagnostic cut-off point for the 2h OGTT was retained because the
reasons for it’s original adoption were deemed to be valid:

1. 11.1 mmol/l has been found to approximate the cutpoint separating
the two components of the bimodal distribution of 2h OGTT.

2. In several studies the prevalence of microvascular disease sharply
increased above 2h OGTT levels of 11.1mmol/l.

3. An enormous body of clinical and epidemiological data has been
collected based on the 11.1 mmol/l limit.

Also, they considered changing the criterium to be "very disruptive, and
add little benefit".

Furthermore, they concluded that OGTT, although an invaluable tool in
research, is not recommended for routine use. Because of it’s inconve-
nience to patients, it’s infrequent use in ordinary practice and it’s poor
reproducibility36,37. Also, the measurement of HbA1c was not recom-
mended for diagnosis. Although it’s use is widespread in the monitoring
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of treatment of diabetes, at the current time there were many different
methods for measurement and standardization had only just begun38.

The WHO published an update to their Diabetes classification and cri-
teria in 199939. They endorsed the new diagnostic value of a FPG ≥7.0
mmol/l, also motivating the correspondence with the 2h OGTT value,
the evidence of increased risk of microvascular disease and the fact that
it represents an optimal cut-off point to separate the components of bi-
modal frequency distributions of FPG seen in several populations. Both
parties agree that the diagnosis in asymptomatic individuals can only be
made on the basis of at least two abnormal results. In the WHO criteria if
a casual blood glucose value lies in the uncertain range (i.e. between the
levels that establish or exclude diabetes, being ≥11.1 mmol/l), an OGTT
needs to be performed, measuring both FPG 2-h and OGTT. This is in
contrast with the ADA criteria where diabetes can be diagnosed on the
bases of multiple increased FPG measurements. The WHO does make a
distinction between the requirements for the diagnosis in clinical setting
and for population studies, in the latter using both FPG and 2h OGTT
is still highly recommended. but they can be used on their own when
circumstances prevent execution of an OGTT. So where the ADA Expert
Committee makes a strong recommendation that the FPG can be used
on its own and that in general the OGTT need not be used. The WHO
by contrast argues strongly for the retention of the OGTT.

The WHO also recognizes IFG and IGT, whereby they state that these
categories are not interchangeable and represent different abnormalities
of glucose regulation. The criteria for these categories is the same in the
WHO classification as in the ADA.

Only 4 years later the ADA came with a follow-up report on the diagnosis
of diabetes40. This update was in light of several new data published in
these years. Among which a growing body of evidence which shows that
the criteria for IFG and IFG not only identify different individuals34,41,
but also that the IGT category has a stronger association with cardiovas-
cular disease (CVD) events and CVD mortality42,43. The National Gly-
cosylated Hemoglobin Standardization Program had ensured that most
laboratories in the U.S. perform the assays using standardized controls
and report results in a manner traceable to the assay used in the Diabetes
Control and Complications Trial (DCCT)44. Finally data from major
clinical trials proved that the progression from IGT to diabetes could
be delayed or prevented by several methods with different efficacy: in-
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tensive lifestyle modification (nutritional and exercise interventions)45,46,
metformin46,47 and acarbose47,48. The major update of this follow-up
report was the lowering of the FPG criterium for diagnosing IFG from
6.1 mmol/l to 5.6 mmol/l. The committee indicated that a selection
of a lower limit for the IH categories would be somewhat arbitrary as
studies show that no real threshold for FPG exist for cardiovascular risk
factors, all-cause mortality or future diabetes43,49. Data from the Prima
Indians however show that the risk of diabetes does increase markedly
at FPG concentrations above 5.6 mmol/l. The rationale for establish-
ing the intermediate categories was based on their ability to predict fu-
ture diabetes. However, the 6.1-6.9 mmol/l IFG criterium includes a
much lower proportion of the population than is included in the IGT
criterium50. Also, the sensitivity of IFG as originally defined is less than
that of IGT in most populations, but the specificity maybe somewhat
greater49,50. The Expert Committee analysed the receiver operator char-
acteristic curve (ROC) of the ability of various baseline levels of FPG to
predict diabetes and there findings suggested that the lower limit of 6.1
mmol/l for IFG was inappropriately high40. By lowering the limit there
was once again a harmonization of the prevalence between FPG and 2h
OGTT. It also leads to a much higher percentage of people classifying in
the IH group without at the moment being clear what the benefit or cost
to an individual would be. This point has been heavily criticized51,52.

The Committee believed it still premature to add HbA1c to the group of
tests used to diagnose diabetes and continues the recommendation that
it be used to monitor the effectiveness of glycaemic therapy. The new
criteria are shown in table 1.5

In view of these developments the WHO and the International Diabetes
Federation (IDF) released new report on the diagnosis of diabetes and
IH in 200653. For the first time they deviate from the glycaemic crite-
ria that are established by the ADA. The WHO agrees with the finding
that existing evidence does not provide a clear threshold for normal or
non-normal plasma glucose or even diabetes per se. However, they did
not endorse the lowering of the limit of IFG to 5.6 mmol/l. They argued
that te various approaches for deriving the most appropriate cut-off point
do not provide a consistent and unequivocal answer and felt that con-
sideration should be given to a risk score combining known risk factors
which include a measure of FPG as a continuous variable. They were of
the opinion that a cut-off point should include clinical and public health
considerations and not be based on statistical ones (i.e. maximization of
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Table 1.5.: Criteria for the diagnosis of T2DM and IH formulated by the ADA in
2003 and the WHO in 1999/2006

Category ADA 2003 WHO 2006*
FPG 2h OGTT FPG 2h OGTT

Normal <5.6 mmol/l <7.8 mmol/l <6.1 mmol/l <7.8 mmol/l

IFG 5.6-6.9 mmol/l – 6.1-6.9 mmol/l <7.8 mmol/l

IGT – 7.8-11.1 mmol/l <7.0 mmol/l 7.8 - 11.1
mmol/l

Diabetes** ≥7.0 mmol/l ≥11.1 mmol/l ≥7.0 mmol/l ≥11.1 mmol/l

* The WHO recommends performing an OGTT for all categories. For the IGT
category if a 2h OGTT is not measured, status is uncertain as diabetes or IGT
cannot be excluded. Diabetes can be diagnosed by either a FPG or OGTT

** A diagnosis of diabetes needs to be confirmed on a separate day.

the sum of sensitivity and specificity). There were concerns about the
significant increase in IFG prevalence that would result form lowering the
criteria. Whilst there was no clear evidence of any benefit in terms of re-
ducing adverse outcomes or progression to diabetes. Also, several studies
had reported that people defined by the new ADA criteria have a more
favourable cardiovascular risk profile and are less likely in developing
diabetes compared with the WHO cut-off point54,55. Thus the WHO rec-
ommended the cut-off point for IFG should remain at 6.1 mmol/l which is
in line to the position statement of the European Diabetes Epidemiology
Group that was published around the same time56.

This deviation in criteria marks a difference in the target group for both
organizations. Where the ADA is targeted to health care providers in
one country (or suitable for the health care organization in high-income
countries), the WHO makes global recommendations and needs to take
health care organization in middle- and low-income countries into ac-
count. This difference became visible once more in the adaptation of
HbA1c as a diagnostic criterium.

In 2009 the ADA published a report on the role of the HbA1c assay
in the diagnosis of diabetes by an international expert committee with
members appointed by the ADA57. As mentioned above, for a long time
already HbA1c was considered for the diagnosis of diabetes. It was often
measured in population studies and used in monitoring treatment effect
in T2DM as it reflects average glycaemia over the preceding 8-12 weeks58.
Based on the common sense that a measurement that captures the long-

12



1.1. HISTORY OF THE DIAGNOSIS OF DIABETES MELLITUS TYPE 2

C
h

a
p
t

e
r

1

term glycaemic exposure should provide a better marker than single mea-
sures of glucose concentration,besides data from multiple studies demon-
strating a strong correlation between retinopathy and HbA1c59,60 and the
widely accepted HbA1c treatment goals for diabetes61. The reluctance
for adaptation as a diagnostic criterium was for a large part standardi-
sation and probably more a hurdle for the WHO than the ADA, world
wide access to the assay. Standardisation was more or less completed in
the U.S. by 2003 but world wide standardisation was realised in the sub-
sequent years62,63.This, combined the superiority of the HbA1c assay in
terms of pre-analytic stability64,65, biological variability66,67 and patient
convenience, let to the adoption of HbA1c as a diagnostic criterium for
diabetes in 2009.

The optimal cut point for diagnosis was determined on the basis of
the same three studies that were previously used for determining the
cut point for diabetes together with an analysis from the DETECT-2
studie57,68. This analysis included ∼28000 subjects from nine countries
and determined the optimal cut point to be 6.5%, based on the fact that
below this value diabetes-specific "moderate" retinopathy was virtually
non-existent and the indication based on the receiver operating charac-
teristic curve. Diagnosis of T2DM should be confirmed with a repeat
test unless clinical symptoms and plasma glucose levels >11.1 mmol/l
are present.

The Expert Committee sort of defined the IH range for HbA1c values
to be ≥6.0% and <6.5%, advising individuals with levels in that range
should receive preventive interventions. They emphasized that the risk
for development of T2DM is a continuum and there appears to be no
threshold above which risk clearly begins, so there should not be a lower
glycaemic threshold. Studies during that time demonstrated a risk of di-
abetes development in levels well within what was considered "normal"69.
It does appear that risk increases the closer the values get to the diagnos-
tic level. This no-lower-boundary IH category would be quickly changed
in the next update of the criteria.

The report makes a, not explicitly stated, recommendation that HbA1c
should be used as the standard for diagnosing diabetes saying the "assay
may be a better means of diagnosing diabetes than measures of glucose
levels". Hereby arguing that there is no single assay related to hyper-
glycaemia that can be considered the gold standard as it relates to the
risk for micro- or macrovascular complications and that different test
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not necessarily identify the same populations. They further conclude
care should be taken interpreting HbA1c levels, because values can be
effected by clinical conditions like increased erythrocyte turnover and
haemoglobin variations. Also, studies have suggested racial disparities
in HbA1c70. The Committee noted however, that the aetiology and sig-
nificance of this finding is unclear. These differences in HbA1c values
between people from a different ethnic background have been described
frequently in literature since the adoption of the HbA1c test. But even
until this day the relevance of this finding is still being debated71,72(also
see Chapter 4 of this manuscript).

One year after the publication of the report advising the use of HbA1c
as diagnostic criterium the ADA published an update to it’s position
statement on the diagnosis and classification of diabetes73. In this update
they properly defined the IH category for HbA1c values between 5.7
and 6.4%. This lowering of the previous, not officially recommended
value of 6.0%, was partly because the 6.0-6.5% range fails to identify a
substantial number of patients who have IFG and/or IGT. Data from the
NHANES shows that de values which most accurately identifies people
with IFG or IGT falls between 5.5 and 6.0%73. Also, prospective studies
indicated that individuals with HbA1c in the range of 5.5-6.0% have a
5-year cumulative incidence of diabetes that ranges from 12 to 25%74–77.
This, together with data from the Diabetes Prevention program (DPP),
wherein the mean HbA1c of 5.9% indicates that preventive interventions
are effective in groups of people with HbA1c levels both below and above
5.9%, let the ADA to recommend HbA1c values between 5.7% and 6.5%
as the IH category. Whilst once again stating that defining the lower
limit of an intermediate category is somewhat arbitrary as risk of T2DM
is a continuum.

Another specification was that if the results of multiple glycaemic test in
one person are discordant on the diagnostic criteria, the test whose result
is above the diagnostic cut point should be repeated and the diagnosis is
made on the basis of the confirmed test.

In 2011 the WHO published a report endorsing the value of ≥6.5% as
a diagnostic criterium for the diagnosis of T2DM78. As in the previ-
ous reports and the ADA report they advised that the diagnosis should
not be made in asymptomatic individuals on the basis of one abnormal
test result. They also state that an HbA1c less than 6.5% does not ex-
clude diabetes diagnosed using glucose tests. The WHO consultation
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Table 1.6.: Current criteria for the diagnosis of NGM, IH* and T2DM formulated
by the ADA in 2010 and the WHO in 2011

Heatlhy IH T2DM
Test ADA WHO ADA WHO ADA WHO

FPG (mmol/l) <5.6 <6.1 5.6-6.9 6.1-6.9 ≥7.0 ≥7.0

2h OGTT
(mmol/l)

<7.8 <7.8 7.8-11.0 7.8-11.0 ≥11.1 ≥11.1

HbA1c (%) <5.7 <6.5 5.7-6.4 – ≥6.5 ≥6.5

* The ADA uses the term prediabetes for all IH categories, the WHO makes a
distinction for IFG and IGT for FPG and 2h OGTT respectively

concluded further that there is insufficient evidence to make any formal
recommendation on the interpretation of HbA1c levels below 6.5%. Thus
not endorsing the IH category defined by the ADA.

The next, and to this date most recent position statement from the ADA
appeared in 2013, and a published correction in 201479 In this latest
position statement the criteria for the diagnosis remained unchanged.
They did further justify the IH criteria based on HbA1c values with
studies that were published in the subsequent years since the last position
statement80–82.

In next and latest WHO consultation no changes to the diagnostic cri-
teria have been made. This results to the current criteria for normal
glucose metabolism, intermediate hyperglycaemia and type 2 diabetes
mellitus being shown in table 1.6, the recommendations for when per-
forming which test have remained unchanged with the previous diagnos-
tic criteria.

In this Thesis the current criteria recommended by the ADA have been
used. This decision is for the largest part based on three arguments.
First, we want to be able to compare our results to other large cohort
studies, which usually also adhere to the ADA criteria. Second, the stud-
ies described in this Thesis focus on the development of hyperglycaemia.
The ADA’s cut-off points for IH are chosen for the reason that below
these values development of insulin resistance in the short term is very
low. These values seemed the most logic choice to distinguish the start
of the development of hyperglycaemia Third, in our studies we measured
FPG and HbA1c but we did not perform an OGTT. The OGTT was not
performed because of cost and participant burden in the large studies,
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the large intraindividual variability of the test as described above and
because it is no longer performed in routine clinical care in the Nether-
lands.

1.2. The Development of hyperglycaemia

One of the most accurate descriptions of the development of hypergly-
caemia is reported in the Whitehall II study83. The researchers analysed
data from a prospective cohort study of 6538 Britisch civil servants with-
out T2DM at baseline. There was an incidence of 505 diabetes during
a median follow-up of 9.7 years (49.1% on the basis of an OGTT). The
measurements included, among others, FPG, insulin and OGTT, see fig-
ure 1.1. They report changes in glycaemic control as much as 3-6 years
before diagnosis. These changes occur both for glycaemic control in the
fasting state as in the postprandial state.

Multiple environmental factors and genetic factors have been identified
that contribute to pathophysiological disturbances that are responsible
for impaired glucose homeostasis84,85. The pathophysiological changes
are characterised by insulin resistance, β-cell dysfunction. As shown in
the trajectories of the Whitehall II study the development of insulin re-
sistance in the fasting and postprandial state do not necessarily occur
at the same time. Also, these do not necessarily have to occur at the
same severity, more on this later. The development of hyperglycaemia
closely follows β-cell dysfunction. It has long been debated whether in-
sulin resistance was a result of overproduction by the β-cell, or that it
precedes β-cell dysfunction and hyperglycaemia occurs as insulin secre-
tion decreases as a result when the compensatory overproduction starts
to fail. The weight of evidence at this time is in favour of the latter
hypothesis86–88.

Chief among the environmental factors in the current world popula-
tion are ageing, overweight and obesity, sedentary lifestyle and dietary
constituents89. For all of these factors, except the first, there exist effec-
tive preventive strategies that are able to decrease the incidence of T2DM
in high risk individuals and improve insulin sensitivity90. The first fac-
tor, ageing, can be considered to have a special place. It is the single
most important predictor of all non-communicable diseases91. And, as a
species throughout time, we seem obsessed with is modifiability92. Even
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Figure 1.1.: Results from the Whitehall II study. Time 0 is diagnosis of incident di-
abetes or end of follow-up for non diabetics. Panel A shows trajectories of FPG before
diagnosis and panel B shows trajectories of 2h OGTT. Panel C shows homeostasis
model assessment of insulin sensitivity (HOMA2-%S) and β-cell function (HOMA2-
%B). Data are estimates calculated using multilevel longitudinal modelling adjusted
for age, sex, ethnic origin and study phase.
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in the presence of other environmental- and to some extend also genetic
factors, T2DM at a young age is relatively rare93. Ageing can be a de-
scribed as a progressive loss of physiological integrity, leading to impaired
function and increased vulnerability to death as a result of, to a large ex-
tent, the passing of time. One of the hallmarks of this process is cellular
senescence94.

Cellular senescence, or senescence, can be defined as a stable arrest of
the cell cycle coupled to phenotypic changes95. One of these pheno-
typical changes, is the secretion of a collection of proteins collectively
called the senescence-associated secretory phenotype (SASP)96. This
pro-inflammatory secretome has been suggested to drive age-related tis-
sue dysfunction. It is widely accepted that senescent cells play a role
in the ageing of tissues and organisms97,98. But to say that senescence
and ageing are synonymous is wrong: cells can enter a senescent state
regardless of organismal age. Senescence can occur through a number of
different processes, like potentially oncogenic mutations activated onco-
genes, metabolic insults and damage/danger signals. It plays a major
role in tissue remodelling and seems designed to eliminate unwanted
cells99. However when senescent cell accumulate they can cause patho-
logical manifestations. This thesis reports the accumulation of senescent
cells in liver and adipose tissue see, part II, chapters 3 and 4. Cellular
senescence has been shown to play an important part in obesity related
diseases like NAFLD and T2DM100,101. The accumulation of senescent
hepatocytes correlates closely with markers of hepatocyte senescence, and
the elimination of these cells reduces overall hepatic steatosis100. The ac-
cumulation of senescent cells in adipose tissue during obesity appears to
be a driver of peripheral insulin resistance and hyperinsulinemia102,103.
In chapter 3 a correlation between hepatocyte senescence, steatosis and
high insulin is described in humans. Chapter 4 describes a correlation
between high insulin after a meal ingestion and adipocyte senescence in
the mesenteric adipose tissue of obese individuals. These data are sug-
gestive of a causal role for insulin in the induction of senescence in tissues
of obese individuals.

1.3. Insulin Resistance in the population

As mentioned in the previous section, there are numerous pathophys-
iological processes that can lead to hyperglycaemia and T2DM. These
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different pathways lead to different phenotypes of hyperglycaemia. Be-
cause of this heterogeneity, the view of T2DM as a single disorder with
a uniform progression has been long since abandoned. T2DM can be
seen as the result of processes which drive hyperglycaemia to a point
where a high risk of vascular complications occur. There are different
ways to measure and describe these phenotypes. The most important
measurements are glucose, insulin and HbA1c. Because the first are
metabolically active molecules, their measurement in one state is not very
informative about individuals metabolic regulation. Various approaches
have been developed in order to assess an individuals response to glucose
and insulin104. These range from intensive direct measures like glucose
clamps techniques, to indirect measurements like the OGTT and the
mixed meal test, to surrogate indexes like the homeostasis model assess-
ment (HOMA). Each method has it’s merits and limitations. Chapter 2
describes the use and reproducibility of a two-hour-seven-sample oral
glucose tolerance test to assess glycaemic responses to a meal in obese
individuals105. Differences in insulin resistance and hyperglycaemia can
be seen for the categories of IH based on FPG and HbA1c. It is likely
that different pathophysiological processes are dominant in these differ-
ent categories.

In clinical care in Western medicine measurements of FPG and HbA1c
are, combined with anthropometric and clinical observation data, the
only parameters on which diabetes diagnosis, and to large extend care,
is based. Part III describes investigations in the different categories of
IH that can be assessed by these measurements. The chapters are based
on data from the HELIUS study which includes individuals living in
the greater Amsterdam area and encompasses multiple ethnic groups106.
There is a great disparity in the prevalence of T2DM in different ethnic
groups across the world107–110. These disparities are driven by a vari-
ety of influences including lifestyle, socioeconomic and possibly genetic
factors. There is a great challenge in understanding the inequalities in
T2DM between ethnic groups. The chapters in part III of this thesis
try to contribute to this further understanding.Chapter 5 describes the
difference in prevalence of IH between ethnic groups and investigates the
different risks for each category and ethnic group for developing T2DM.
Chapter 6 details an attempt to see if, based on clinical, non-glycaemic
variables individuals fulfilling a specific IH classification can be identi-
fied using a machine learning algorithm called XGBoost111. Differences
in these identified variables between ethnic groups may lead to a better
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understanding of the differences in development of IH.

20



Bibliography

1. Poretsky, L. Principles of Diabetes Mellitus Second Edi (ed Poretsky, L.) 1–887.
isbn: 9780387098401. doi:10.1007/978-0-387-09841-8 (Springer US, New
York, 2010).

2. Vranic, M., Hollenberg, C. H., Steiner, G. & International Congress of En-
docrinology (7th : 1984 : Québec, Q. Comparison of Type I and Type II Diabetes
(eds Vranic, M., Hollenberg, C. H. & Steiner, G.) 1–351. isbn: 978-1-4757-1852-
2. doi:10.1007/978-1-4757-1850-8 (Springer US, Boston, MA, 1985).

3. Bouchardat, A. De la glycosurie, ou, Diabète sucré: son traitement hygiénique
1–336 (Ballière, Paris, 1875).

4. Himsworth, H. DIABETES MELLITUS. The Lancet 227, 127–130. issn: 01406736.
doi:10.1016/s0140-6736(01)36134-2 (Jan. 1936).

5. Himsworth, H. THE SYNDROME OF DIABETES MELLITUS AND ITS
CAUSES. The Lancet 253, 465–473. issn: 01406736. doi:10 . 1016 / s0140 -

6736(49)90797-7 (Mar. 1949).

6. Lawrence, R. D. Types of Human Diabetes. Proceedings of the Royal Society
of Medicine 44, 155–155. issn: 01410768. doi:10.1177/003591575104400215

(Feb. 1951).

7. Hugh-Jones, P. DIABETES IN JAMAICA. The Lancet 266, 891–897. issn:
01406736. doi:10.1016/s0140-6736(55)92530-7 (Oct. 1955).

8. Lister, J., Nash, J. & Ledingham, U. Constitution and Insulin Sensitivity in
Diabetes Mellitus. BMJ 1, 376–379. issn: 00071447. doi:10 . 1136 / bmj . 1 .

4703.376 (Feb. 1951).

9. Cudworth, A. The aetiology of diabetes mellitus. British Journal of Hospital
Medicine 16, 207–216 (1976).

10. Irvine, W. CLASSIFICATION OF IDIOPATHIC DIABETES. The Lancet 309,

638–642. issn: 01406736. doi:10.1016/s0140-6736(77)92071-2 (Mar. 1977).

11. Alberti, K. & Zimmet, P. New diagnostic criteria and classification of diabete-
sagain? Diabetic Medicine 15, 535–536. issn: 0742-3071. doi:10.1002/(sici)

1096-9136(199807)15:7<535::aid-dia670>3.0.co;2-q (July 1998).

12. National Diabetes Data Group. Classification and Diagnosis of Diabetes Melli-
tus and Other Categories of Glucose Intolerance. Diabetes 28, 1039–1057. issn:
00121797. doi:10.2337/diab.28.12.1039 (Dec. 1979).



Bibliography

C
h

a
p
t

e
r

1

13. WHO Expert Committee on Diabetes Mellitus. WHO Expert Committee on di-
abetes mellitus : second report ger published by: Bern : Stiftung für Diabetestbe.
isbn: 9241206462 (World Health Organization, Geneva, 1980).

14. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.
Report of the Expert Committee on the Diagnosis and Classification of Diabetes
Mellitus. Diabetes Care 20, 1183–1197. issn: 0149-5992. doi:10.2337/diacare.

20.7.1183 (July 1997).

15. Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.
Report of the Expert Committee on the Diagnosis and Classification of Diabetes
Mellitus. Diabetes care 26, s5–s20. issn: 0149-5992. doi:10.2337/diacare.26.

2007.s5 (Jan. 2003).

16. Sjöholm, Å. Atypical diabetes: a diagnostic challenge. BMJ Open Diabetes Re-
search and Care 8, e001470. issn: 2052-4897. doi:10.1136 /bmjdrc- 2020 -

001470 (Aug. 2020).

17. Worl Health Organization. Classification of diabetes mellitus isbn: 9789241515702
(World Health Organization, 2019).

18. Vaileron, A.-j., Eschwège, E., Papoz, L. & Rosselin, G. E. Agreement and Dis-
crepancy in the Evaluation of Normal and Diabetic Oral Glucose Tolerance
Test. Diabetes 24, 585–593. doi:10.2337/diab.24.6.585 (June 1975).

19. Gordon, T. Glucose tolerance of adults, United States, 1960-1962: diabetes
prevalence and results of glucose tolerance test, by age and sex. Vital and
Health Statistics. Series 11 (1964).

20. Hayner, N. S., Kjelsberg, M. O., Epstein, F. H. & Francis, T. Carbohydrate
Tolerance and Diabetes in a Total Community, Tecumseh, Michigan: 1. Effects
of Age, Sex, and Test Conditions on One-hour Glucose Tolerance in Adults.
Diabetes 14, 413–423. doi:10.2337/diab.14.7.413 (July 1965).

21. Bennett, P. H., Rushforth, N. B., Miller, M. & Lecompte, P. M. in Proceedings
of the 1975 Laurentian Hormone Conference 333–371 (Elsevier, 1976). doi:10.

1016/b978-0-12-571132-6.50021-x.

22. Zimmet, P. Bimodality of Fasting and Two-hour Glucose Tolerance Distribu-
tions in a Micronesian Population. Diabetes 27, 793–800. doi:10.2337/diab.

27.8.793 (Aug. 1978).

23. O’Sullivan, J. B. & Mahan, C. M. Prospective Study of 352 Young Patients
with Chemical Diabetes. New England Journal of Medicine 278, 1038–1041.
doi:10.1056/nejm196805092781904 (May 1968).

24. Glucose Tolerance and Glycosuria in the General Population. BMJ 2, 655–659.
doi:10.1136/bmj.2.5358.655 (Sept. 1963).

25. Jarrett, R. J., Keen, H., Fuller, J. H. & McCartney, M. Worsening to diabetes
in men with impaired glucose tolerance (?borderline diabetes?) Diabetologia
16, 25–30. doi:10.1007/bf00423146 (Jan. 1979).

26. Sharp, C. L., Butterfield, W. J. & H, K. E. E. N. DIABETES SURVEY IN
BEDFORD 1962. Proceedings of the Royal Society of Medicine 57, 193–202.
issn: 0035-9157 (Mar. 1964). ppublish.

22



Bibliography

C
h

a
p
t

e
r

1

27. WHO Study Group on Diabetes Mellitus. Diabetes mellitus : report of a WHO
study group [meeting held in Geneva from 11 to 16 February 1985]. 113. isbn:
9789241207270. doi:10.1111/tmi.12083 (World Health Organization, 1985).

28. Davidson, M. B. Correction to the 2010 Report on the Diagnosis and Classifi-
cation of Diabetes. Diabetes Care 33, e57–e57. doi:10.2337/dc09-2368 (Apr.
2010).

29. McCane, D. R. et al. Comparison of tests for glycated haemoglobin and fasting
and two hour plasma glucose concentrations as diagnostic methods for diabetes.
BMJ 308, 1323–8. doi:10.1136/bmj.308.6940.1323 (May 1994).

30. Finch, C., Zimmet, P. & Alberti, K. Determining Diabetes Prevalence: a Ra-
tional Basis for the Use of Fasting Plasma Glucose Concentrations? Diabetic
Medicine 7, 603–610. doi:10.1111/j.1464- 5491.1990.tb01457.x (Aug.
1990).

31. Engelgau, M. M. et al. Comparison of Fasting and 2-Hour Glucose and HbA1c
Levels for Diagnosing Diabetes: Diagnostic criteria and performance revisited.
Diabetes Care 20, 785–791. doi:10.2337/diacare.20.5.785 (May 1997).

32. Charles, M. A., Balkau, B., Vauzelle-Kervröedan, F., Thibult, N. & Eschwege,
E. Revision of diagnostic criteria for diabetes. The Lancet 348, 1657–1658.
doi:10.1016/s0140-6736(05)65719-4 (Dec. 1996).

33. Unwin, N. et al. Comparison of the current WHO and new ADA criteria for
the diagnosis of diabetes mellitus in three ethnic groups in the UK. Diabetic
Medicine 15, 554–557. doi:10.1002/(sici)1096-9136(199807)15:7<554::

aid-dia626>3.0.co;2-e (July 1998).

34. DECODE Study Group. Will new diagnostic criteria for diabetes mellitus
change phenotype of patients with diabetes? Reanalysis of European epidemi-
ological data. BMJ 317, 371–375. doi:10.1136/bmj.317.7155.371 (Aug.
1998).

35. Vegt, F. D. et al. The 1997 American Diabetes Association Criteria Versus
the 1985 World Health Organization Criteria for the Diagnosis of Abnormal
Glucose Tolerance: Poor agreement in the Hoorn Study. Diabetes Care 21,

1686–1690. doi:10.2337/diacare.21.10.1686 (Oct. 1998).

36. Stolk, R., Orchard, T. J. & Grobbee, D. Why Use the Oral Glucose Tolerance
Test? Diabetes Care 18, 1045–1049. doi:10.2337/diacare.18.7.1045 (July
1995).

37. Mooy, J. M. et al. Intra-individual variation of glucose, specific insulin and
proinsulin concentrations measured by two oral glucose tolerance tests in a
general Caucasian population: the Hoorn Study. Diabetologia 39, 298–305.
doi:10.1007/bf00418345 (Mar. 1996).

38. American Diabetes Association. Tests of Glycemia in Diabetes. Diabetes Care
20, S18–S20. doi:10.2337/diacare.20.1.s18 (Jan. 1997).

23



Bibliography

C
h

a
p
t

e
r

1

39. World Health Organization. Definition, diagnosis and classification of diabetes
mellitus and its complications : report of a WHO consultation. Part 1, Diag-
nosis and classification of diabetes mellitus WHO/NCD/NCS/99.2 (World
Health Organization, 1999).

40. The Expert Committee on the Diagnosis and Classification of Diabetes Mel-
litus. Follow-up Report on the Diagnosis of Diabetes Mellitus. Diabetes Care
26, 3160–3167. doi:10.2337/diacare.26.11.3160 (Nov. 2003).

41. Davies, M. J., Raymond, N. T., Day, J. L., Hales, C. N. & Burden, A. C. Im-
paired glucose tolerance and fasting hyperglycaemia have different characteris-
tics. Diabetic Medicine 17, 433–440. doi:10.1046/j.1464-5491.2000.00246.x

(June 2000).

42. DECODE Study Group, t. E. D. E. G. Glucose Tolerance and Cardiovascular
Mortality. Archives of Internal Medicine 161, 397. doi:10.1001/archinte.

161.3.397 (Feb. 2001).

43. DECODE Study Group, t. E. D. E. G. Is the Current Definition for Diabetes
Relevant to Mortality Risk From All Causes and Cardiovascular and Noncardio-
vascular Diseases? Diabetes Care 26, 688–696. doi:10.2337/diacare.26.3.688

(Mar. 2003).

44. Little, R. R. Glycated Hemoglobin Standardization National Glycohemoglobin
Standardization Program (NGSP) Perspective. Clinical Chemistry and Labora-
tory Medicine 41. doi:10.1515/cclm.2003.183 (Jan. 2003).

45. Tuomilehto, J. et al. Prevention of Type 2 Diabetes Mellitus by Changes in
Lifestyle among Subjects with Impaired Glucose Tolerance. New England Jour-
nal of Medicine 344, 1343–1350. doi:10.1056/nejm200105033441801 (May
2001).

46. Knowler, W. C. et al. Reduction in the Incidence of Type 2 Diabetes with
Lifestyle Intervention or Metformin. New England Journal of Medicine 346,

393–403. issn: 1533-4406. doi:10.1056/nejmoa012512 (6 Feb. 2002). ppublish.

47. Wenying, Y. The preventive effect of Acarbose and Metformin on the IGT
population from becoming diabetes mellitus: a 3-year multicentral prospective
study. Chinese Journal of Endocrinology and Metabolism (2001).

48. Chiasson, J.-L. et al. Acarbose for prevention of type 2 diabetes mellitus: the
STOP-NIDDM randomised trial. The Lancet 359, 2072–2077. doi:10.1016/

s0140-6736(02)08905-5 (June 2002).

49. Shaw, J. E. et al. Impaired fasting glucose: how low should it go? Diabetes Care
23, 34–39. doi:10.2337/diacare.23.1.34 (Jan. 2000).

50. And N. Unwin, Shaw, J., Zimmet, P. & Alberti, K. G. M. M. Impaired glucose
tolerance and impaired fasting glycaemia: the current status on definition and
intervention. Diabetic Medicine 19, 708–723. doi:10 . 1046 / j . 1464 - 5491 .

2002.00835.x (Sept. 2002).

24



Bibliography

C
h

a
p
t

e
r

1

51. Davidson, M. B., Landsman, P. B. & Alexander, C. M. Lowering the Criterion
for Impaired Fasting Glucose Will Not Provide Clinical Benefit. Diabetes Care
26, 3329–3330. issn: 0149-5992. doi:10.2337/diacare.26.12.3329 (Dec.
2003).

52. Schriger, D. L. & Lorber, B. Lowering the Cut Point for Impaired Fasting
Glucose. Diabetes Care 27, 592–595. issn: 0149-5992. doi:10.2337/diacare.

27.2.592 (Feb. 2004).

53. Organization, W. H. & Federation, I. D. Definition and diagnosis of diabetes
mellitus and intermediate hyperglycaemia : report of a WHO/IDF consultation
isbn: 9789241594936 (World Health Organization, 2006).

54. Borch-Johnsen, K. et al. Creating a pandemic of prediabetes: the proposed
new diagnostic criteria for impaired fasting glycaemia. Diabetologia 47. doi:10.

1007/s00125-004-1468-6 (July 2004).

55. Blake, D. R. et al. Impaired Glucose Tolerance, but not Impaired Fasting Glu-
cose, Is Associated With Increased Levels of Coronary Heart Disease Risk Fac-
tors. Diabetes 53, 2095–2100. doi:10.2337/diabetes.53.8.2095 (Aug. 2004).

56. And N. G. Forouhi et al. The threshold for diagnosing impaired fasting glu-
cose: a position statement by the European Diabetes Epidemiology Group.
Diabetologia 49, 822–827. doi:10.1007/s00125-006-0189-4 (Mar. 2006).

57. International Expert Committee. International Expert Committee Report on
the Role of the A1C Assay in the Diagnosis of Diabetes. Diabetes Care 32,

1327–1334. issn: 1935-5548. doi:10.2337/dc09-9033 (7 July 2009). ppublish.

58. Nathan, D. M., Turgeon, H. & Regan, S. Relationship between glycated haemoglobin
levels and mean glucose levels over time. Diabetologia 50, 2239–2244. doi:10.

1007/s00125-007-0803-0 (Sept. 2007).

59. Van Leiden, H. A. Risk Factors for Incident Retinopathy in a Diabetic and
Nondiabetic Population. Archives of Ophthalmology 121, 245. doi:10.1001/

archopht.121.2.245 (Feb. 2003).

60. Tapp, R. J. et al. Longitudinal Association of Glucose Metabolism With Retinopa-
thy. 31, 1349–1354. issn: 0149-5992. doi:10.2337/dc07-1707 (2008).

61. Stratton, I. M. et al. Association of glycaemia with macrovascular and microvas-
cular complications of type 2 diabetes (UKPDS 35): prospective observational
study. BMJ 321, 405–412. issn: 0959-8138. doi:10.1136/bmj.321.7258.405.
eprint: https://www.bmj.com/content/321/7258/405.full.pdf (2000).

62. Consensus Committee. Consensus statement on the worldwide standardiza-
tion of the hemoglobin A1C measurement: the American Diabetes Association,
European Association for the Study of Diabetes, International Federation of
Clinical Chemistry and Laboratory Medicine, and the International Diabetes
Federation. Diabetes care 30, 2399–2400. issn: 1935-5548. doi:10.2337/dc07-

9925 (9 Sept. 2007). ppublish.

63. Weykamp, C. et al. The IFCC Reference Measurement System for HbA1c:
A 6-Year Progress Report. Clinical Chemistry 54, 240–248. doi:10 . 1373 /

clinchem.2007.097402 (Feb. 2008).

25



Bibliography

C
h

a
p
t

e
r

1

64. Gambino, R. Glucose: A Simple Molecule That Is Not Simple to Quantify.
Clinical Chemistry 53, 2040–2041. doi:10.1373/clinchem.2007.094466 (Dec.
2007).

65. Little, R. R., Rohlfing, C. L., Tennill, A. L., Connolly, S. & Hanson, S. Effects of
Sample Storage Conditions on Glycated Hemoglobin Measurement: Evaluation
of Five Different High Performance Liquid Chromatography Methods. Diabetes
Technology and Therapeutics 9, 36–42. doi:10.1089/dia.2006.0055 (Feb.
2007).

66. Ollerton, R. L. et al. Day-to-day variability of fasting plasma glucose in newly
diagnosed type 2 diabetic subjects. Diabetes Care 22, 394–398. doi:10.2337/

diacare.22.3.394 (Mar. 1999).

67. Petersen, P. H., Jørgensen, L. G. M., Brandslund, I., De Fine Olivarius, N. &
Stahl, M. Consequences Of Bias and Imprecision in Measurements of Glucose
and Hba1c for the Diagnosis and Prognosis of Diabetes Mellitus. Scandinavian
journal of clinical and laboratory investigation. Supplementum 65, 51–60. issn:
0036-5513. doi:10.1080/00365510500236135 (2005).

68. Colagiuri, S. DETECT-2: early detection of type 2 diabetes and IGT. Diabetes
Voice. 48, 11–13 (2003).

69. Tirosh, A. et al. Normal Fasting Plasma Glucose Levels and Type 2 Diabetes in
Young Men. New England Journal of Medicine 353, 1454–1462. doi:10.1056/

nejmoa050080 (Oct. 2005).

70. Herman, W. H. et al. Differences in A1C by Race and Ethnicity Among Pa-
tients With Impaired Glucose Tolerance in the Diabetes Prevention Program.
Diabetes Care 30, 2453–2457. doi:10.2337/dc06-2003 (Oct. 2007).

71. Selvin, E. Are There Clinical Implications of Racial Differences in HbA1c? A
Difference, to Be a Difference, Must Make a Difference. Diabetes Care 39, 1462–
1467. doi:10.2337/dc16-0042 (July 2016).

72. Herman, W. H. Are There Clinical Implications of Racial Differences in HbA1c?
Yes, to Not Consider Can Do Great Harm! Diabetes Care 39, 1458–1461.
doi:10.2337/dc15-2686 (July 2016).

73. American Diabetes Association. Diagnosis and Classification of Diabetes Mel-
litus. Diabetes Care 33, S62–S69. doi:10.2337/dc10-s062 (Jan. 2010).

74. Edelman, D., Olsen, M. K., Dudley, T. K., Harris, A. C. & Oddone, E. Z. Utility
of hemoglobin A1c in predicting diabetes risk. Journal of General Internal
Medicine 19, 1175–1180. doi:10.1111/j.1525- 1497.2004.40178.x (Dec.
2004).

75. Pradhan, A. D., Rifai, N., Buring, J. E. & Ridker, P. M. Hemoglobin A1c
Predicts Diabetes but Not Cardiovascular Disease in Nondiabetic Women. The
American Journal of Medicine 120, 720–727. doi:10.1016/j.amjmed.2007.

03.022 (Aug. 2007).

76. Sato, K. K. et al. Combined Measurement of Fasting Plasma Glucose and A1C
Is Effective for the Prediction of Type 2 Diabetes. Diabetes Care 32, 644–646.
doi:10.2337/dc08-1631 (Jan. 2009).

26



Bibliography

C
h

a
p
t

e
r

1

77. Shimazaki, T., Kadowaki, T., Ohyama, Y., Ohe, K. & Kubota, K. Hemoglobin
A1c (HbA1c) predicts future drug treatment for diabetes mellitus: a follow-up
study using routine clinical data in a Japanese university hospital. Translational
Research 149, 196–204. doi:10.1016/j.trsl.2006.09.008 (Apr. 2007).

78. World Health Organization. Use of glycated haemoglobin (HbA1c) in diagnosis
of diabetes mellitus: abbreviated report of a WHO consultation (World Health
Organization, 2011).

79. American Diabetes Association. Diagnosis and Classification of Diabetes Melli-
tus. Diabetes Care 37, S81–S90. issn: 01495992. doi:10.2337/dc14-s081 (Dec.
2013).

80. Zhang, X. et al. A1C Level and Future Risk of Diabetes: A Systematic Review.
Diabetes Care 33, 1665–1673. doi:10.2337/dc09-1939 (July 2010).

81. Selvin, E. et al. Glycated Hemoglobin, Diabetes, and Cardiovascular Risk in
Nondiabetic Adults. New England Journal of Medicine 362, 800–811. doi:10.

1056/nejmoa0908359 (Mar. 2010).

82. Ackermann, R. T., Cheng, Y. J., Williamson, D. F. & Gregg, E. W. Identifying
Adults at High Risk for Diabetes and Cardiovascular Disease Using Hemoglobin
A1c. American Journal of Preventive Medicine 40, 11–17. doi:10.1016/j.

amepre.2010.09.022 (Jan. 2011).

83. Tabák, A. G. et al. Trajectories of glycaemia, insulin sensitivity, and insulin
secretion before diagnosis of type 2 diabetes: an analysis from the Whitehall
II study. The Lancet 373, 2215–2221. doi:10.1016/s0140-6736(09)60619-x

(June 2009).

84. Kahn, S. E., Cooper, M. E. & Prato, S. D. Pathophysiology and treatment of
type 2 diabetes: perspectives on the past, present, and future. The Lancet 383,

1068–1083. doi:10.1016/s0140-6736(13)62154-6 (Mar. 2014).

85. DeFronzo, R. A. et al. Type 2 diabetes mellitus. Nature Reviews Disease Primers
1. doi:10.1038/nrdp.2015.19 (July 2015).

86. Bergman, R. N., Finegood, D. T. & Kahn, S. E. The evolution of β-cell dys-
function and insulin resistance in type-2 diabetes. European Journal of Clinical
Investigation 32, 35–45. doi:10.1046/j.1365-2362.32.s3.5.x (May 2002).

87. Kahn, S. E. The relative contributions of insulin resistance and beta-cell dys-
function to the pathophysiology of Type 2 diabetes. Diabetologia 46, 3–19.
doi:10.1007/s00125-002-1009-0 (Jan. 2003).

88. Esser, N., Utzschneider, K. M. & Kahn, S. E. Early beta cell dysfunction vs
insulin hypersecretion as the primary event in the pathogenesis of dysglycaemia.
Diabetologia 63, 2007–2021. doi:10.1007/s00125-020-05245-x (Sept. 2020).

89. Zheng, Y., Ley, S. H. & Hu, F. B. Global aetiology and epidemiology of type
2 diabetes mellitus and its complications. Nature Reviews Endocrinology 14,

88–98. doi:10.1038/nrendo.2017.151 (Dec. 2017).

90. Magkos, F., Hjorth, M. F. & Astrup, A. Diet and exercise in the prevention
and treatment of type 2 diabetes mellitus. Nature Reviews Endocrinology 16,

545–555. doi:10.1038/s41574-020-0381-5 (July 2020).

27



Bibliography

C
h

a
p
t

e
r

1

91. Lozano, R. et al. Global and regional mortality from 235 causes of death for
20 age groups in 1990 and 2010: a systematic analysis for the Global Bur-
den of Disease Study 2010. The Lancet 380, 2095–2128. doi:10.1016/s0140-

6736(12)61728-0 (Dec. 2012).

92. Grimm, J. & Grimm, W. Kinder- und Hausmärchen (Germany, 1812).

93. Cho, N. et al. IDF Diabetes Atlas: Global estimates of diabetes prevalence for
2017 and projections for 2045. Diabetes Research and Clinical Practice 138,

271–281. doi:10.1016/j.diabres.2018.02.023 (Apr. 2018).

94. López-Otn, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The
Hallmarks of Aging. Cell 153, 1194–1217. doi:10.1016/j.cell.2013.05.039

(June 2013).

95. Campisi, J. & d’Adda di Fagagna, F. Cellular senescence: when bad things hap-
pen to good cells. Nature Reviews Molecular Cell Biology 8, 729–740. doi:10.

1038/nrm2233 (Sept. 2007).

96. Tchkonia, T., Zhu, Y., van Deursen, J., Campisi, J. & Kirkland, J. L. Cellular
senescence and the senescent secretory phenotype: therapeutic opportunities.
Journal of Clinical Investigation 123, 966–972. issn: 0021-9738. doi:10.1172/

jci64098 (Mar. 2013).

97. Wang, C. et al. DNA damage response and cellular senescence in tissues of
aging mice. Aging Cell 8, 311–323. doi:10.1111/j.1474-9726.2009.00481.x

(May 2009).

98. Xu, M. et al. Senolytics improve physical function and increase lifespan in old
age. Nature Medicine 24, 1246–1256. doi:10.1038/s41591-018-0092-9 (July
2018).

99. Muñoz-Espín, D. & Serrano, M. Cellular senescence: from physiology to pathol-
ogy. Nature Reviews Molecular Cell Biology 15, 482–496. issn: 1471-0072.
doi:10.1038/nrm3823 (June 2014).

100. Ogrodnik, M. et al. Cellular senescence drives age-dependent hepatic steatosis.
Nature Communications 8. issn: 2041-1723. doi:10.1038/ncomms15691 (June
2017).

101. Palmer, A. K., Gustafson, B., Kirkland, J. L. & Smith, U. Cellular senescence:
at the nexus between ageing and diabetes. Diabetologia 62, 1835–1841. issn:
0012-186X. doi:10.1007/s00125-019-4934-x (Aug. 2019).

102. Li, Q. et al. Obesity and hyperinsulinemia drive adipocytes to activate a cell
cycle program and senesce. Nature Medicine 27, 1941–1953. doi:10 . 1038 /

s41591-021-01501-8 (Oct. 2021).

103. Wang, L. et al. Targeting p21Cip1 highly expressing cells in adipose tissue
alleviates insulin resistance in obesity. Cell Metabolism 34, 75–89.e8. doi:10.

1016/j.cmet.2021.11.002 (Jan. 2022).

28



Bibliography

C
h

a
p
t

e
r

1

104. Muniyappa, R., Lee, S., Chen, H. & Quon, M. J. Current approaches for assess-
ing insulin sensitivity and resistance in vivo: advantages, limitations, and appro-
priate usage. American Journal of Physiology-Endocrinology and Metabolism
294, E15–E26. issn: 0193-1849. doi:10 . 1152 / ajpendo . 00645 . 2007 (Jan.
2008).

105. Man, C. D. et al. Two-Hour Seven-Sample Oral Glucose Tolerance Test and
Meal Protocol. Diabetes 54, 3265–3273. doi:10.2337/diabetes.54.11.3265

(Nov. 2005).

106. Stronks, K. et al. Unravelling the impact of ethnicity on health in Europe: the
HELIUS study. BMC Public Health 13. doi:10.1186/1471- 2458- 13- 402

(Apr. 2013).

107. Karter, A. J. et al. Elevated Rates of Diabetes in Pacific Islanders and Asian
Subgroups. Diabetes Care 36, 574–579. issn: 0149-5992. doi:10.2337/dc12-

0722 (Feb. 2013).

108. Geiss, L. S. et al. Prevalence and Incidence Trends for Diagnosed Diabetes
Among Adults Aged 20 to 79 Years, United States, 1980-2012. JAMA 312,

1218. issn: 0098-7484. doi:10.1001/jama.2014.11494 (Sept. 2014).

109. Snijder, M. B. et al. Case Finding and Medical Treatment of Type 2 Diabetes
among Different Ethnic Minority Groups: The HELIUS Study. Journal of Di-
abetes Research 2017, 1–8. doi:10.1155/2017/9896849 (2017).

110. Goff, L. M. Ethnicity and Type 2 diabetes in the UK. Diabetic Medicine 36,

927–938. doi:10.1111/dme.13895 (Jan. 2019).

111. Chen, T. & Guestrin, C. XGBoost in Proceedings of the 22nd ACM SIGKDD
International Conference on Knowledge Discovery and Data Mining (ACM,
Aug. 2016). doi:10.1145/2939672.2939785.

29


