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Abstract

Type 2 diabetes (T2D) is a common metabolic disorder characterized by elevated glucose levels.
Recognizing people at high risk for T2D allows interventions that may delay or prevent the
development of T2D and diabetes-related complications. The previously accepted methods for
identifying these people are fasting plasma glucose (FPG), two-hour post-load glucose (2-h PG)
in an oral glucose tolerance test (OGTT) and glycated hemoglobin A1c (HbA1c). However, one-
hour post-load glucose (1-h PG) in an OGTT has risen in interest for its high predictive value for
future T2D at an even earlier time point than the currently used methods.

The aim of this thesis was to investigate the ability of 1-h PG to predict T2D and cardiovascular
diseases as well as to evaluate the association between 1-h PG and other diabetic complications
including retinopathy signs and albuminuria. The value of 1-h PG measurement was compared
with current diagnostic methods. Four Finnish study populations were used for the analyses of the
present thesis.

The results revealed that 1-h PG was a better predictor of T2D and cardiovascular outcomes
than FPG or 2-h PG, also improving the explanatory power of the traditional cardiovascular risk
models. Elevated 1-h PG was related to retinopathy signs, while FPG, 2-h PG and HbA1c were
not. Both prediabetic ( 8.6 mmol/L) and diabetic ( 11.6 mmol/L) 1-h PG levels were
independently associated with albuminuria, but no such an association was seen in FPG, 2-h PG
and HbA1c. Furthermore, the 2-h PG did not provide any benefit in addition to FPG and 1-h PG
in the prediction of T2D and cardiovascular outcomes or in the detection of albuminuria.

In conclusion, these findings indicate that the use of 1-h PG improves the predictability of T2D
and cardiovascular diseases and the detection of retinopathy signs and albuminuria. Together with
previous findings, these results indicate that the use of 1-h PG and shortened 1-h OGTT seems
reasonable to consider in the future.

Keywords: albuminuria, cardiovascular diseases, cohort studies, glucose tolerance test,
one-hour post-load glucose, prediabetic state, retinopathy, type 2 diabetes mellitus
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Tiivistelmä

Tyypin 2 diabetes on yleinen aineenvaihduntasairaus, johon liittyy kohonnut verensokeri. Suu-
ressa sairastumisriskissä olevien potilaiden tunnistaminen on tärkeää, jotta tyypin 2 diabeteksen
sekä siihen liittyvien komplikaatioiden kehittymistä voidaan ennaltaehkäistä. Aikaisemmin
hyväksytyt menetelmät suuressa sairastumisriskissä olevien potilaiden tunnistamiseksi ovat
paastoverensokeri, glukoosirasituskokeen 2 tunnin glukoosi ja glykohemoglobiini A1c (HbA1c).
Glukoosirasituskokeen 1 tunnin glukoosi on herättänyt viime aikoina kiinnostusta, sillä sen on
havaittu ennustavan hyvin tulevaa tyypin 2 diabetesta jopa varhaisemmassa vaiheessa kuin
nykyisin käytössä olevat menetelmät.

Tämän väitöskirjan tavoitteena oli tutkia 1 tunnin glukoosiarvon kykyä ennustaa tyypin 2
diabetesta ja sydän- ja verisuonitauteja sekä arvioida 1 tunnin glukoosiarvon yhteyttä retinopa-
tiamuutoksiin ja albuminuriaan. Yhden tunnin glukoosiarvoa verrattiin nykyisiin käytössä ole-
viin diagnostisiin menetelmiin. Tässä väitöskirjassa hyödynnettiin neljää suomalaista väestöpoh-
jaista aineistoa.

Tutkimustulokset osoittivat, että 1 tunnin glukoosiarvo on parempi tyypin 2 diabeteksen sekä
sydän- ja verisuonitapahtumien ennustaja kuin paastoglukoosi tai 2 tunnin glukoosi, ja se paran-
taa myös perinteisten sydän- ja verisuonitautien riskimallien selitysastetta. Retinopatiamuutok-
set olivat yhteydessä kohonneeseen 1 tunnin glukoosiarvoon, mutta eivät paastoarvoihin, 2 tun-
nin arvoihin tai HbA1c:hen. Sekä prediabeettinen ( 8.6 mmol/l) että diabeettinen ( 11.6 mmol/
l) 1 tunnin glukoosiarvo olivat itsenäisesti yhteydessä albuminuriaan, mutta vastaavaa yhteyttä
ei todettu paastoglukoosille, 2 tunnin glukoosille tai HbA1c:lle. Kahden tunnin glukoosiarvo ei
myöskään parantanut paastoglukoosin ja 1 tunnin glukoosin lisänä tyypin 2 diabeteksen tai
sydän- ja verisuonitapahtumien ennustettavuutta eikä albuminurian tunnistettavuutta.

Tutkimustulosten perusteella 1 tunnin glukoosiarvon käyttö parantaa tyypin 2 diabeteksen ja
sydän- ja verisuonitautien ennustettavuutta sekä niiden henkilöiden tunnistamista, joilla on reti-
nopatiamuutoksia tai albuminuriaa. Näiden sekä aikaisempien tutkimustulosten perusteella 1
tunnin glukoosiarvon käyttöönottoa ja glukoosirasituskokeen lyhentämistä kahdesta tunnista
yhteen tuntiin tulisi pohtia.

Asiasanat: albuminuria, esidiabetes, glukoosirasituskoe, glukoosirasituskokeen yhden
tunnin glukoosiarvo, kohorttitutkimukset, retinopatia, sydän- ja verisuonisairaudet,
tyypin 2 diabetes
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1 Introduction 

Type 2 diabetes (T2D) is a chronic disease characterized by hyperglycemia that 

may lead to long-term complications (Fonseca, 2009). Early detection of people at 

high risk of T2D allows interventions that may delay or prevent the onset of T2D 

and diabetes-related complications (Diabetes Prevention Program Research Group, 

2002; Knowler et al., 2002; Tuomilehto et al., 2001). Until now, the accepted 

methods for detecting these people have been fasting plasma glucose (FPG), 

glycated hemoglobin A1c (HbA1c) and 2-hour post-load plasma glucose (2-h PG) 

during the oral glucose tolerance test (OGTT) (Alberti & Zimmet, 1998; American 

Diabetes Association, 2022; World Health Organization, 2011b). There is evidence 

that the 2-h PG is more sensitive to screen and diagnose T2D than FPG or HbA1c, 

but the 2-hour test period has limited its use (Danaei et al., 2015; DECODE Study 

Group, 1999b).    

Since Abdul-Ghani et al. showed that 1-hour post-load glucose (1-h PG) in an 

OGTT was a better predictor of future T2D than FPG and 2-h PG, there has been a 

growing interest in the usefulness of 1-h PG over the past two decades (Abdul-

Ghani et al., 2007, 2008). According to the earlier studies, the optimal threshold 

value for 1-h PG is 8.6 mmol/L, and it reclassifies approximately 1530% of people 

with normal FPG and 2-h PG to be at high risk for T2D (Abdul-Ghani et al., 2007, 

2008; Fiorentino et al., 2016; Jagannathan, Sevick, Li, et al., 2016). In addition, 

there is some evidence that elevated 1-h PG associates better with diabetes-related 

macrovascular and microvascular complications than FPG or 2-h PG (Haverals et 

al., 2019; Nielsen et al., 2018; Paddock et al., 2018; Pareek et al., 2018). Due to the 

results of previous studies, it has been considered that the 1-h PG would improve 

the early detection of people at high risk for future T2D and related complications. 

Because the previous studies had relatively small sample sizes or included mainly 

male participants and only a limited number of studies have focused on 

microvascular complications, the previous suggestions need confirmation and 

external validation with high-quality methods in different populations (Haverals et 

al., 2019; Lind et al., 2014; Nielsen et al., 2018; Paddock et al., 2018; Pareek et al., 

2018).   

This thesis was primarily designed to compare the association of FPG, 1-h PG 

and 2-h PG with T2D and its related complications including cardiovascular events, 

retinopathy signs and albuminuria. Secondly, we also evaluated whether 2-h PG 

provides any benefit in addition to FPG and 1-h PG in the prediction of T2D and 

cardiovascular outcomes as well as in the identification of people with albuminuria.  
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2 Review of the literature  

2.1 Definition and diagnosis of prediabetes and type 2 diabetes 

2.1.1 Definition of prediabetes and type 2 diabetes 

Type 2 diabetes (T2D) is a metabolic disease with elevated blood glucose 

concentrations resulting from insulin resistance, insulin deficiency, or a 

combination of both. Prediabetes is a condition defined as elevated blood glucose 

above normal levels but below the diagnostic criteria of T2D (Alberti & Zimmet, 

1998; American Diabetes Association, 2022). Type 1 diabetes, gestational diabetes, 

or other rare forms of diabetes are beyond the scope of this thesis.  

2.1.2 Diagnosis of prediabetes and type 2 diabetes 

The diagnostic criteria for prediabetes and T2D have been redefined over time and 

are still varying depending on the institutions. The criteria for prediabetes and T2D 

defined by different institutions are listed in Table 1. According to the World Health 

Organization (WHO), prediabetes is determined by the presence of impaired fasting 

glucose (IFG) with fasting plasma glucose (FPG) of 6.1–6.9 mmol/L and/or 

impaired glucose tolerance (IGT) with 2-hour post-load glucose (2-h PG) of 7.8–

11.0 mmol/L during a 75-g oral glucose tolerance test (OGTT) (World Health 

Organization, 2006). On the other hand, the American Diabetes Association 

(ADA) recommends the same cut-off point for IGT but a lower threshold value for 

IFG with FPG of 5.6–6.9 mmol/L (The Expert Committee on the Diagnosis and 

Classification of Diabetes Mellitus, 2003). Since 2010, ADA has also 

recommended the use of glycated hemoglobin A1c (HbA1c) of 39.047.0 

mmol/mol (5.76.4%) to detect individuals with high risk of T2D (American 

Diabetes Association, 2010). An Invited Expert Panel (IEP), in turn, suggested that 

the concentrations of HbA1c of 42.047.0 mmol/mol (6.06.4%) may be used as 

the cut-off point for prediabetes (Saudek et al., 2008). For now, the WHO has not 

accepted the recommendations of the ADA and IEP and supports the use of 2-h 

OGTT for the detection of prediabetes. 



20 

Table 1. Diagnostic criteria for normal glucose tolerance, prediabetes, and type 2 

diabetes according to WHO (2006, 2011), ADA (2022) and IEP (2008). 

Glucose tolerance WHO ADA IEP 

Normal glucose tolerance    

HbA1c, mmol/mol (%)  < 39.0 (5.7)  

FPG, mmol/L  6.0  5.5  

2-h PG, mmol/L < 7.8 < 7.8  

Prediabetes     

HbA1c, mmol/mol (%)  39.047.0 (5.76.4) 42.047.0 (6.06.4) 

IFG    

FPG, mmol/L 6.16.9 5.66.9  

2-h PG, mmol/L (if measured) < 7.8 < 7.8  

IGT    

FPG, mmol/L  6.0  5.5  

2-h PG, mmol/L 7.811.0 7.811.0  

Type 2 diabetes    

HbA1c, mmol/mol (%)  48.0 (6.5)  48.0 (6.5)  

FPG, mmol/L  7.0  7.0  

2-h PG, mmol/L  11.1  11.1  

Random plasma glucose, mmol/L  11.1  11.1  

FPG, fasting plasma glucose, 2-h PG, two-hour post-load glucose; HbA1c, glycated hemoglobin A1c; 

IGT, impaired glucose tolerance; IFG, impaired fasting glucose; WHO, World Health Organization; ADA, 

American Diabetes Association; IEP, Invited Expert Panel. 

Since the 1980s, the diagnostic threshold values for T2D, with FPG of 7.8 mmol/L 

and 2-h PG of 11.1 mmol/L during the 75-g OGTT, have been based on the 

association between the threshold values and increased prevalence of diabetic 

retinopathy (DR) (National Diabetes Data Group, 1979; WHO Expert Committee 

on Diabetes Mellitus, 1980). At the end of the 1990s, following a recommendation 

from ADA and WHO, the diagnostic threshold value of FPG was lowered from 7.8 

mmol/L to 7.0 mmol/L to equal the ability of 2-h PG to detect DR (Expert 

Committee on the Diagnosis and Classification of Diabetes Mellitus, 1997; World 

Health Organization, 1999). The diagnostic criteria of 2-h PG with threshold value 

of 11.1 mmol/L remained the same. More recently, ADA and WHO supported the 

use of HbA1c  48.0 mmol/mol (6.5%) for diagnosing T2D (Nathan et al., 2009; 

World Health Organization, 2011b). Like other diagnostic thresholds, the 

diagnostic cut-off point for HbA1c is also based on the DR prevalence (Colagiuri 

et al., 2011). For asymptomatic people, the findings should be confirmed with a 

repeat testing on a different day. However, if two different tests (i.e., HbA1c and 2-
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h PG) are concordantly elevated for the diagnosis of T2D, additional testing is not 

required. Furthermore, only a single random plasma glucose level of 11.1 mmol/L 

or more is needed for diagnosis when common symptoms of hyperglycemia (i.e., 

polyuria, polydipsia, and nocturia) are also present (Alberti & Zimmet, 1998; 

American Diabetes Association, 2022). In Finland, the diagnostic criteria for 

prediabetes and T2D are based on WHO recommendations (Type 2 Diabetes: 

Current Care Guidelines, 2020) (Table 1). 

2.1.3 Comparison of FPG, OGTT and HbA1c in diagnostic use  

Each diagnostic method provides important information of glucose metabolism 

reflecting different pathophysiological alterations. The advantages and 

disadvantages of the currently used diagnostic tests are summarized further in Table 

2 and discussed in detail in the following sections.  

FPG indicates the glucose status during a fasting period whereas 2-h PG 

reflects glucose levels after glucose intake. Based on a large systematic review 

including 103 prospective cohort studies, the 5-year cumulative incidence of T2D 

was 39% for IFG, 26% for IGT, and 50% for the combination of IFG and IGT 

(Richter et al., 2018). With the use of FPG alone as a screening test, nearly one-

third of the individuals with diabetic 2-h PG remain undetected, especially women 

and less obese participants (DECODE Study Group, 1999b; J. Huang et al., 2015; 

Sitasuwan & Lertwattanarak, 2020). The disadvantages related to 2-h OGTT 

include its lower reproducibility and longer testing time compared to FPG and 

HbA1c (Bergman et al., 2020). In addition, recent cross-sectional studies stated that 

when using 2-h PG levels, taller people are more likely to be underdiagnosed and 

shorter people overdiagnosed up to the body mass index (BMI) of 35 kg/m2 (Palmu 

et al., 2019; S. K. J. Rehunen et al., 2017). Both FPG and OGTT require overnight 

fasting and are sensitive to day-to-day variations due to physical activity, stress 

and/or diet.  

HbA1c reflects the average of blood glucose concentrations over the past two 

to three months. It has high reproducibility, with low day-to-day variability, and 

collection of a fasting sample is not required. The 5-year cumulative incidence of 

diabetes development was 38% and 25% among participants with HbA1c  42 

mmol/mol (6.0%) and  39 mmol/mol (5.7%), respectively (Richter et al., 2018). 

However, in many cohort studies HbA1c has lower sensitivity than 2-h OGTT in 

diagnosing prediabetes and T2D (Danaei et al., 2015; Menke et al., 2018; Olson et 

al., 2010; Pajunen et al., 2011). For example, analyses of the National Health and 
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Nutrition Examination Survey data demonstrated that 6.2% and 2.3% of the study 

participants were diagnosed with prediabetes and T2D by HbA1c with the IEP 

criteria, and 36% and 5.8% by a 2-h OGTT with the ADA criteria, respectively 

(Olson et al., 2010). More recently, the participants with prediabetes based on FPG 

and HbA1c underwent a 2-h OGTT and 6.9% of them were reclassified as having 

T2D based on 2-h PG (Menke et al., 2018). There are also several factors affecting 

HbA1c levels such as age, anemia, hemoglobinopathies, pregnancy, and ethnicity. 

Furthermore, HbA1c is a relatively expensive test with poor availability in some 

low- and middle-income countries (Table 2).  

Table 2. Advantages and disadvantages of FPG, OGTT and HbA1c. 

Variables Advantage Disadvantage 

FPG Single sample 

 

Requires overnight fasting period of 8-12 h 

Lower sensitivity than the OGTT 

Sensitive to day-to-day variations due to 

physical activity, stress and/or diet 

OGTT Identifies more individuals with prediabetes 

and T2D than FPG and HbA1c 

Includes both FPG and 2-h PG 

Reflects also post-load glucose levels 

Requires overnight fasting period of 8-12 h 

Time-consuming 

Sensitive to day-to-day variations due to 

physical activity, stress and/or diet  

Lower reproducibility than FPG and HbA1c 

Affected by body anthropometrics  

HbA1c No need to fast 

High reproducibility 

Less sensitive to day-to-day variation  

than FPG or OGTT 

Reflects long-term glucose concentration 

Lower sensitivity than OGTT 

Affected by aging, ethnicity, and different 

medical conditions 

Lower availability in low- and middle-income 

countries than FPG and OGTT 

FPG, fasting plasma glucose; OGTT, oral glucose tolerance test; HbA1c, glycated hemoglobin A1c; 2-h 

PG, two-hour post-load glucose; T2D, type 2 diabetes. Modified from Jagannathan et al. (2020). 

2.1.4 One-hour post-load glucose 

In the 1970s, the use of 1-h PG measurement as a diagnostic tool was considered, 

but it was later abandoned because of its larger variability compared to that of 2-h 

PG (Rushforth et al., 1975). It is noteworthy to mention that the diagnostic 

threshold values were not based on the presence of diabetic retinopathy at that time. 



23 

Since 2007, the capability of 1-h PG to detect high-risk participants has risen in 

interest. Large population-based studies have suggested, and other studies 

confirmed, that 1-h PG with cut-off point of 8.6 mmol/L based on the receiver 

operating characteristics (ROC) curve method may be used as a criterion for 

prediabetes (Abdul-Ghani et al., 2007, 2009; Bergman, Chetrit, Roth, Jagannathan, 

et al., 2016; Pareek et al., 2018). 

It has been shown in some recent studies that 1-h PG is also a capable tool for 

diagnosing T2D. In a study of European patients with coronary artery disease, the 

1-h PG corresponded with the 2-h PG to diagnose T2D. In the ROC analysis, the 

threshold value of 12.0 mmol/L for 1-h PG had the highest sum of sensitivity and 

specificity (area under the curve (AUC) 0.90; 95% confidence interval (CI) 

0.870.92). Different algorithms were created from FPG, 1-h PG and HbA1c, 

excluding the need for 2-h PG. The combination of FPG < 6.5 mmol/L and 1-h PG 

< 11.0 mmol/L correctly excluded 99% of subjects with T2D, while the 

combination of FPG > 8.0 mmol/L and 1-h PG > 15 mmol/L was able to reveal 

100% of the study subjects with T2D (Gyberg et al., 2016). Likewise, a Finnish 

meta-analysis of more than 35,000 people from different ethnic groups found that 

the 1-h PG of 11.6 mmol/L detected individuals with T2D. The 1-h PG was 

demonstrated to have good sensitivity of 92% and specificity of 91%, and only 8% 

of cases of T2D were missed (Ahuja et al., 2021). In both studies, the 2-h PG was 

used for defining the glucose status of the study participants. As previously 

mentioned, the diagnostic threshold values of FPG, 2-h PG and HbA1c are based 

on the presence of retinopathy. Paddock et al. evaluated the relationship of 1-h PG 

with retinopathy signs and recognized the 1-h PG cut-off point of 12.0 mmol/L for 

diagnosing T2D in American Indians (Paddock et al., 2018). So far, the 1-h PG is 

not accepted in routine clinical use to identify high risk people or to diagnose T2D. 

2.2 General aspects of type 2 diabetes 

2.2.1 Epidemiology of type 2 diabetes 

The prevalence of T2D has been rising in recent decades, especially in low- and 

middle-income countries. In 2020, 537 million adults aged 20 to 79 years old were 

estimated to have diabetes, and approximately 90 to 95% of them had T2D. The 

number is predicted to increase to 643 million by 2030 and to 783 million by 2045. 

Furthermore, 541 million adults are at high risk of developing T2D as having IGT 
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(International Diabetes Federation, 2021). Globally, nearly half of the adults 

diagnosed with diabetes were not aware of their condition (Ogurtsova et al., 2021). In 

Finland, recent estimates from a Finnish health survey stated that 429,000 adults 30 

years or older had T2D, and 48,000 had undiagnosed T2D. It has been estimated 

that 15% of men and 10% of women have T2D. The incidence of T2D, which has 

been rising for decades, seems to have reached a plateau during 20112017 

(Koponen et al., 2018).  

2.2.2 Pathophysiology of type 2 diabetes 

The pathophysiology of T2D is characterized by insulin resistance, β-cell 

dysfunction, and impaired regulation of hepatic glucose production. Insulin 

resistance is defined as an attenuated insulin response in key target tissues: liver, 

skeletal muscle, and adipose tissue (Wilcox, 2005). Glucose levels start to rise already 

13 years before the onset of T2D although remaining in the normal range, followed by 

a rapid increase 26 years before the diagnosis. Similarly, insulin sensitivity is reported 

to decline for 13 years with a steep fall 5 years before the diagnosis of T2D (Tabak et 

al., 2012).  

After a meal, normal glucose homeostasis includes biphasic insulin secretion 

consisting of a rapid first spike lasting 10 to 15 minutes, followed by a slower second 

phase that gradually reaches a plateau in 2 to 3 hours (Rorsman & Renström, 2003). 

In T2D, impaired two-phasic pancreatic insulin secretion and declined insulin 

action lead to hyperglycemia. It has been estimated that about 50% of normal β-

cell insulin secretion capacity is lost by the time of the diagnosis (Bretzel et al., 

2009). Loss of pancreatic β-cell function and mass causes decreased insulin 

secretion and increased glucagon secretion from pancreatic α-cells leading to 

excessive glucose production by the liver. Insulin resistance induces lipolysis in 

adipocytes, increasing plasma free fatty acid concentrations, which further 

stimulates insulin resistance in the liver and muscle tissues. Hyperglycemia is also 

maintained by the upregulation of the sodium/glucose co-transporter 2 (SGLT2) 

receptors causing increased renal glucose reabsorption. Furthermore, the effect of 

insulinotropic peptides secreted from the small intestine is decreased during the 

stages of hyperglycemia. The dysfunction of the dopamine signaling system in the 

brain also plays a key role in the pathophysiology of T2D. Neurotransmitter 

dysfunction diminishes the regulation of energy intake and causes weight gain 

(DeFronzo et al., 2015; Galicia-Garcia et al., 2020). Lastly, the following 

pathophysiological factors play an important role in the development of T2D: 
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oxidative stress, adipokine dysregulation, inflammation, gut dysbiosis, and 

immune dysregulation (Galicia-Garcia et al., 2020). Development of prediabetes 

and T2D results from -cell dysfunction and insulin resistance as illustrated in 

Figure 1 (International Diabetes Center, 2000). 

 

Fig. 1. Development of prediabetes and type 2 diabetes results from -cell dysfunction 

and insulin resistance. Individuals develop hyperglycemia when -cells are unable to 

increase insulin secretion beyond peripheral insulin resistance. Modified from 

International Diabetes Center (2000).  

Persons with hyperglycemia are demonstrated to reflect different 

pathophysiological abnormalities depending on the diagnostic methods used. 

Isolated IFG is primarily associated with hepatic insulin resistance and impaired 

basal insulin secretion, whereas isolated IGT mainly results from reduced 

peripheral insulin sensitivity and second-phase insulin response representing -cell 

dysfunction (Meyer et al., 2006). Individuals with combined IFG and IGT have 

severe pathophysiological abnormalities causing both elevated peripheral and 

hepatic insulin resistance as well as decreased -cell function (Weir & Bonner-Weir, 
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2004). However, HbA1c is suggested to associate weakly with pathophysiological 

abnormalities of T2D including insulin sensitivity and -cell dysfunction (Bonora 

& Tuomilehto, 2011). 

2.2.3 Risk factors of type 2 diabetes 

The development of T2D is caused by a combination of environmental, metabolic, 

and genetic risk factors. Many of these risk factors can be controlled by lifestyle 

behaviour (Tuomilehto et al., 2001), while heredity also has its own impact on the 

disease (Ali, 2013). The known risk factors of T2D can be categorized as 

modifiable and non-modifiable.  

The modifiable risk factors with a causal relationship with T2D include obesity, 

physical inactivity, and unhealthy diet. Abdominal obesity is the most important 

independent risk factor of T2D by increasing insulin resistance and low-grade 

inflammation. Physical inactivity together with high caloric intake are contributors 

to obesity and insulin resistance (Galicia-Garcia et al., 2020). Metabolic syndrome 

also plays an important role in the development of T2D (Shin et al., 2013). It is 

defined as a cluster of components including elevated blood pressure, 

hyperglycemia, dyslipidemia, and central obesity (Alberti et al., 2005). 

Furthermore, depression, smoking as well as low sleep quality and quantity 

increase the risk of developing T2D (Kolb & Martin, 2017). 

The established non-modifiable risk factors include genes, ethnicity, aging and 

gestational diabetes. There are over 100 genes associated with the development of 

T2D, especially affecting insulin secretion (Prasad & Groop, 2015), but the risk 

alleles explain only 10% of the heritability (Ali, 2013). On the other hand, the 

lifetime risk of developing T2D is 40% for individuals who have one parent with 

T2D; when both parents have T2D, the risk is almost 70% (Tillil & Kobberling, 

1987). The number of people with T2D may vary widely in different populations, 

and Native Americans have the highest rate of T2D in the world (Golden et al., 

2019). T2D is also more common in older age groups, with the highest incidence 

peak at approximately 55 years (Khan et al., 2019). Women with gestational 

diabetes have an about 10-fold higher risk of developing T2D compared to those 

with a normoglycemic pregnancy (Vounzoulaki et al., 2020). Gestational diabetes 

is also associated with increased risk for obesity and T2D in the offspring (Dabelea, 

2007).  
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2.2.4 Screening for prediabetes and type 2 diabetes 

Screening for asymptomatic adults may lead to early identification and treatment 

of T2D, which may potentially improve health outcomes. Pathophysiological 

abnormalities and complications associated with hyperglycemia may be present for 

a long period of time before T2D is detected (Tabak et al., 2012). Expert groups 

have mainly two different approaches to screening for prediabetes and T2D. They 

either recommend targeting screening at high-risk individuals based on T2D risk 

factors or screening the whole population that has reached a certain age (American 

Diabetes Association, 2022; Davidson et al., 2021; Working group set up by the 

Finnish Medical Society Duodecim, 2020). Table 3 summarizes the three different 

screening recommendations.  

Table 3. The screening recommendations for prediabetes and type 2 diabetes 

according to Finnish Current Care Guidelines (2020), ADA (2022), and US Preventive 

Services Task Force (2021). 

Variable Finnish Current Care 

Guidelines 

 ADA  US Preventive Services 

Task Force 

Who to 

screen? 

Asymptomatic adults who 

have two or more T2D risk 

factors or FINDRISC score 

 12 points 

 Adults aged 45 years 

Adults with BMI   25 

kg/m2 and one or more 

T2D risk factors 

 Adults aged 35 to 70 years 

who are overweight or 

obese 

Methods? 2-h OGTT  FPG, HbA1c, 2-h OGTT  FPG, HbA1c, 2-h OGTT 

How often? Every 3 years for adults 

with NGT 

FPG and HbA1c yearly for 

adults with IFG or IGT 

 Every 3 years for adults 

with NGT 

Adults with prediabetes 

(IFG, IGT, HbA1c  39 

mmol/mol) should be 

tested yearly 

 Every 3 years for adults 

with NGT 

 

 

T2D, type 2 diabetes; FINDRISC, Finnish Diabetes Risk Score; OGTT, oral glucose tolerance test; NGT, 

normal glucose tolerance; FPG, fasting plasma glucose; HbA1c, glycated hemoglobin A1c; IFG, impaired 

fasting glucose; IGT, impaired glucose tolerance; ADA, American Diabetes Association; BMI, body mass 

index. 

The Finnish Current Care Guidelines recommend diabetes risk assessments every 

5 years for asymptomatic adults. Individuals who have two or more risk factors for 

T2D or a rating score of 12 points or more in the Finnish Diabetes Risk Score 

(FIDNRISC) are recommended to undergo 2-h OGTT (Type 2 Diabetes: Current 
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Care Guidelines, 2020). If the results are normal, guidelines recommend repeat 

testing carried out at 3-year intervals. Those with IFG or IGT should be evaluated 

annually with FPG and HbA1c. The ADA recommends screening for all adults at 

age 45 years without risk factors, and for adults with BMI  25 kg/m2 and one or 

more risk factors regardless of age. FPG, HbA1c and 2-h OGTT are appropriate 

methods for screening. The ADA recommends repeated screening every three years 

for normoglycemic adults who belong to the above-mentioned risk groups 

(American Diabetes Association, 2022). The US Preventive Services Task 

Force has updated its guidelines in 2021 and recommends screening for adults aged 

35 to 70 years who are overweight or obese. Follow-up screening is suggested 

every three years (Davidson et al., 2021) (Table 3).  

2.2.5 Prevention of type 2 diabetes 

Early detection of participants with non-diabetic hyperglycemia allows 

interventions that may delay or prevent the onset of T2D and diabetes-related 

complications. Preventive interventions including lifestyle modifications and 

pharmacological therapies are suggested to improve insulin sensitivity and preserve 

β-cell function (The Diabetes Prevention Program Research Group, 2005). The 

effectiveness of preventive interventions has been demonstrated in several studies 

mostly targeting middle-aged participants who already had impaired glucose 

tolerance in OGTT (Diabetes Prevention Program Research Group, 2002; Knowler 

et al., 2002; Tuomilehto et al., 2001).  

One of the randomized, controlled trials was the Finnish Diabetes Prevention 

Study (DPS) including 522 middle-aged overweight subjects with IGT who 

received either usual care or a combined diet and exercise lifestyle intervention. 

The trial found a 58% reduction in the incidence of T2D in the subjects who were 

assigned to the lifestyle intervention group compared to those in the control group 

(Tuomilehto et al., 2001). The active lifestyle intervention period ended after 4 

years and those who did not have T2D were followed for another 3 years. The 

reduction in the incidence of T2D associated with the lifestyle intervention group 

persisted, although not as significantly, until 7 years of follow-up (Lindström et al., 

2006). Prevention of T2D by lifestyle intervention has also been shown to have 

long-term benefits in a primary health care setting (Rintamäki et al., 2021). 

Similarly, in the Diabetes Prevention Program (DPP), the incidence of T2D was 

reduced by more than half in subjects with IGT and who met the recommended 7% 
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reduction in body weight and a minimum of 150 min of weekly physical activity 

(Diabetes Prevention Program Research Group, 2002).  

Lifestyle changes are recommended as the first-line strategy over drug therapy 

for the prevention of T2D. Drug therapy is suggested to be considered when 

lifestyle interventions are unable to achieve the desired glycemic control. Of the 

pharmacological interventions, metformin can delay the progression of prediabetes 

to T2D (Aroda et al., 2017; Diabetes Prevention Program Research Group, 2002; 

Knowler et al., 2002). In the DPP, the reduction in the incidence of T2D was 

approximately 30% in the metformin group compared to the control group 

(Diabetes Prevention Program Research Group, 2002). The benefits of metformin 

were observed in younger and more obese subjects and the preventive effective was 

maintained for up to 10 years (Aroda et al., 2017). In addition to metformin, some 

other drugs, such as thiazolidinediones, liraglutide and alpha-glucosidase inhibitors, 

have been shown to reduce the incidence of T2D (Stevens et al., 2015). Of those, 

liraglutide has been approved for the prevention of the development of T2D among 

obese subjects with prediabetes (le Roux et al., 2017). The STOP DIABETES study, 

performed on 422 subjects with increased risk of T2D, is the first known study to 

compare the effect of pharmacological treatment in individuals with normal 

glucose tolerance (NGT), based on ADA criteria, and elevated 1-h PG in 

individuals with IFG or IGT, or a combination of both. The incidence of T2D was 

equally reduced in these two groups by treatment with metformin and pioglitazone 

and metformin, pioglitazone, and glucagon-like peptide-1 receptor agonist. These 

results indicated that subjects with NGT and elevated 1-h PG could be considered 

as having prediabetes because the interventions reduced their risk of T2D 

significantly (Armato et al., 2018). In Finland, no antidiabetic drug is 

recommended for the prevention of T2D (Type 2 Diabetes: Current Care Guidelines, 

2020). 

2.3 Complications associated with type 2 diabetes 

Long-term hyperglycemia can lead to complications by damaging various organ 

systems. The chronic complications of T2D are traditionally classified into 

macrovascular (ischemic heart disease, cerebrovascular disease, and peripheral 

artery disease) and microvascular diseases (diabetic retinopathy, diabetic kidney 

disease, and diabetic neuropathy). Similar risk factors including age, diabetes 

duration, poor glycemic control, elevated blood pressure, dyslipidemia, obesity, 
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and smoking contribute to the development of various diabetic complications 

(Deshpande et al., 2008).  

2.3.1 Cardiovascular diseases 

Overview of cardiovascular diseases 

Cardiovascular diseases (CVDs) are a group of conditions affecting the heart and 

blood vessels including coronary heart disease and other cardiopathies, 

cerebrovascular diseases, and peripheral artery disease. Of these, coronary heart 

diseases and cerebrovascular diseases are the most common, accounting for 

approximately 75% of CVDs (World Health Organization, 2011a). However, heart 

failure is the most common manifestations of CVD in T2D (Shah et al., 2015). 

Prediabetes and T2D are associated with cardiovascular morbidity and mortality. A 

systematic review suggested that prediabetes increases the risk of composite CVD 

and mortality approximately 1.3-fold compared to normoglycemia (Y. Huang et al., 

2016). In contrast, the increase in risk among participants with diabetes is 2- to 3-

fold (Y. An et al., 2015; Niskanen et al., 2020; The Emerging Risk Factors 

Collaboration, 2010). CVD is also a leading cause of mortality, constituting around 

50% of all causes of death in diabetic individuals (Y. An et al., 2015; Einarson et 

al., 2018).  

Risk factors and pathophysiology 

Hyperglycemia increases the risk of CVDs by inducing various mechanisms, and 

the risk is estimated to increase even before the glucose levels are sufficient for a 

T2D diagnosis (DECODE Study Group, 2003a; The Emerging Risk Factors 

Collaboration, 2010). T2D is related to a hypercoagulable state, and the 

coagulability of blood plays a major role in the development of ischemic 

cardiovascular events (Rodriguez-Araujo & Nakagami, 2018). Hyperglycemia is 

also characterized by insulin resistance and low-level inflammation, which 

stimulate endothelial dysfunction and the formation of atherosclerotic plaques 

(Ormazabal et al., 2018). Most of the patients with T2D have dyslipidemia with 

increased levels of triglycerides and low-density lipoprotein (LDL) cholesterol and 

decreased levels of high-density lipoprotein (HDL) cholesterol, which are highly 

correlated with the development of atherosclerosis. Moreover, LDL particles are 
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potentially more atherogenic in hyperglycemic individuals, even in the absence of 

elevated LDL concentration (Low Wang et al., 2016). Furthermore, elevated levels 

of free fatty acids seen in hyperglycemic people are suggested to increase the risk 

of CVDs by several mechanisms such as decreased production of nitric oxide and 

increased inflammation and oxidative stress (Ghosh et al., 2017). Elevated blood 

pressure, cigarette smoking and central obesity are also important modifiable risk 

factors of CVD (Luo et al., 2020; Rader, 2007; Yang et al., 2022). Of these, elevated 

blood pressure is suggested to have the strongest causative effect on the 

development of the disease. A large meta-analysis stated that every 10-mmHg 

increment in systolic blood pressure was associated with a 5% increased risk of 

CVD event, whereas every 5-mmHg increment in diastolic blood pressure 

increased the risk by 4% (Luo et al., 2020). Current smokers have an elevated 

hazard risk for CVD events, and the association is significantly higher among 

participants with diabetes than in those without diabetes (Yang et al., 2022).  

As for non-modifiable risk factors, elderly people are more prone to the 

development of CVD (Dhingra & Vasan, 2012). Before the age of 60, men are at 

greater risk of developing CVD than premenopausal women, but at post-

menopausal stage the CVD risk is suggested to be similar among both genders (Gao 

et al., 2019).  

Screening and diagnosis 

Among patients with T2D, both myocardial and cerebral infarcts may occur with 

atypical symptoms – i.e., abdominal discomfort or fatigue – or without symptoms. 

However, individuals with diabetes tend to have more severe and diffuse CVD 

which occurs even 15 years earlier than in individuals who do not have diabetes 

(Booth et al., 2006). Therefore, resting electrocardiograms (ECGs) are 

recommended for all people with T2D at 1- to- 3-year intervals (Type 2 Diabetes: 

Current Care Guidelines, 2020). Other typical diagnostic methods include exercise 

test, echocardiography, angiography, computed tomography, and magnetic 

resonance imaging. The methods used depend on the symptoms and the affected 

site (heart, brain, peripheral artery).  
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2.3.2 Diabetic retinopathy 

Overview and pathophysiology of diabetic retinopathy 

Diabetic retinopathy (DR) is the most common complication of diabetes causing 

damage to the retina. Globally, the DR is one of the leading causes of vision 

impairment despite being potentially preventable (Steinmetz et al., 2021). Up to a 

third of newly diagnosed T2D patients may have DR, but most of these patients 

have only mild changes (Kohner, 1998). Signs of retinopathy are also seen among 

the non-diabetic population, and the prevalence varies widely, from < 1% to 17.2%, 

depending on population, age, and ophthalmologic methods (Bhargava et al., 2014; 

Ojaimi et al., 2011; Rajala et al., 1998). A longitudinal study has demonstrated that 

non-diabetic retinopathy increases the risk for the development of T2D, suggesting 

that the same factors may play a role in the pathogenesis of both DR and T2D 

(Klein et al., 2010).   

Hyperglycemia appears to play a critical role in the pathogenesis of retinal 

microvascular changes by causing retinal capillary damage and inducing the 

synthesis of different growth factors. Hyperglycemia associates with other 

important pathophysiological mechanisms of DR including retinal 

neurodegeneration and inflammation. Later, these changes may lead to conditions, 

such as increased vascular permeability, vascular endothelial dysfunction, 

microvascular occlusion, and retinal ischemia (Boulton & Cai, 2002; Wang & Lo, 

2018).  

Risk factors 

The three major risk factors of DR include duration of diabetes, poor glycemic 

control, and elevated blood pressure. Longer duration of diabetes increases the risk 

of the development and progression of DR apart from glucose levels (Jones et al., 

2012; Yau et al., 2012). It has been found that strict glycemic control reduces the 

incidence and progression of DR significantly, demonstrating the usefulness of 

near-normoglycemic glucose levels (Diabetes Control and Complications Trial 

Research Group, 1993). Intensive blood pressure control has also been suggested 

to have a reducing effect on the risk and progression of DR (UK Prospective 

Diabetes Study Group, 1998). Nonetheless, the role of other CVD risk factors such 

as dyslipidemia (van Leiden et al., 2002; Yau et al., 2012) and smoking (Moss et 

al., 1991) as etiological factors for retinopathy has remained controversial. 
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Screening, diagnosis, and classification  

In Finland, each person suffering from diabetes is systematically screened with 

fundus photography. Fundus examination takes place at the time of the T2D 

diagnosis; afterwards, the intervals usually vary between 1 to 3 years depending on 

the severity of the retinopathy findings (Diabetic Retinopathy: Current Care 

Guidelines, 2014). Another form of diabetic eye disease is macular edema, which 

is caused by the increased vascular permeability and the loss of capillary perfusion 

in the macular region (Antonetti et al., 2012).  

Table 4. Classification of diabetic retinopathy according to Aldington et al. (1995). 

Retinopathy level Retinal findings 

No retinopathy No findings 

Mild non-proliferative DR Microaneurysms only 

Moderate non-proliferative DR At least one hemorrhage or microaneurysm and/or at least 

one of the following:  

Retinal hemorrhages 

Hard exudates 

Cotton wool spots 

Venous beading 

Severe non-proliferative DR Any of the following but no signs of proliferative retinopathy 

(4-2-1 rule): 

> 20 intraretinal hemorrhages in each of the four 

quadrants 

Definite venous beading in two or more quadrants 

Prominent IRMA in one or more quadrants 

Proliferative DR One of either:  

Neovascularization 

Vitreous/preretinal hemorrhage 

DR, diabetic retinopathy; IRMA, intraretinal microvascular abnormality. 

The classification and observable findings of DR are summarized in Table 4. DR is 

typically classified into four categories according to the Eurodiab classification 

scheme: no retinopathy, mild non-proliferative DR, moderate non-proliferative DR, 

severe non-proliferative DR, and proliferative DR. Mild non-proliferative DR is 

the earliest stage of DR including at least one microaneurysm in the retina. 

Moderate non-proliferative DR contains more than just microaneurysms but less 

findings than severe non-proliferative retinopathy. Severe non-proliferative DR is 

defined by the “4-2-1 rule” which includes the presence of more than 20 
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hemorrhages in each quadrant, or venous beading in two quadrants or intraretinal 

microvascular abnormalities (IRMA) in at least one quadrant. In proliferative DR, 

neovascularization and/or vitreous/preretinal hemorrhage is observed (Aldington et 

al., 1995) (Table 4).  

2.3.3 Diabetic kidney disease 

Overview and pathophysiology of diabetic kidney disease 

Diabetic kidney disease (DKD), also known as diabetic nephropathy, is a 

complication characterized by increased urine albumin excretion and/or decreased 

glomerular filtration rate (GFR). The development and progression of DKD can 

lead to the loss of kidney function requiring renal replacement therapy in the form 

of dialysis or kidney transplantation. The prevalence rates of DKD are increasing 

in line with the incidence rates of T2D (Bikbov et al., 2020). Approximately 20% 

of people with newly diagnosed T2D are estimated to have albuminuria 

(Spijkerman et al., 2003) and in general practice, the prevalence of albuminuria in 

people with T2D ranges between 30 and 40% (Metsärinne et al., 2022; Spijkerman 

et al., 2003). DKD is a risk factor for CVD independent of other traditional CVD 

risk factors and the risk is multiplied in people with diabetes and hypertension 

disorder (K. Matsushita et al., 2015). Furthermore, people with DKD have 

significantly higher mortality risk compared to diabetic people without DKD 

(Afkarian et al., 2013).  

There are several recognized pathways involved in the development and 

progression of DKD. Hyperglycemia induces metabolic and hemodynamic changes 

causing both structural and functional renal injury. The morphological changes 

observed in DKD are glomerular hypertrophy, mesangial cell expansion, 

glomerulosclerosis, kidney fibrosis, tubulointerstitial fibrosis and inflammation. 

The first sign of dysfunction is glomerular hyperfiltration followed by progressive 

albuminuria, decreased GFR, and finally, the end-stage renal disease (Alicic et al., 

2017; Lin et al., 2018). 

Risk factors 

The role of conventional CVD risk factors, including hypertension, hyperglycemia, 

and dyslipidemia, are important in the development and progression of 
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DKD (Cases & Coll, 2005; Retnakaran et al., 2006). Obesity is also associated with 

the increased risk of DKD; in turn, weight loss decreases urinary albumin excretion 

(Ejerblad et al., 2006; Saiki et al., 2005). In addition, cigarette smoking has been 

confirmed as an independent risk factor for the onset and progression of DKD 

(Baggio et al., 2002). Patients with older age and a family history of DKD are more 

likely to develop DKD. Some ethnic groups, such as Pima Indians, are also at 

increased risk (Retnakaran et al., 2006).  

Screening, diagnosis, and classification 

The screening of DKD is recommended at least annually from the time of T2D 

diagnosis using estimated glomerular filtration rate (eGFR, mL/min/1.73 m2) and 

a morning spot sample of urinary albumin-creatinine-ratio (U-Alb/Crea, mg/mmol) 

(American Diabetes Association, 2022). The golden standard method to measure 

albuminuria is the 24-hour collection. However, a spot specimen correlates well 

with 24-hour urine collections and is more suitable as a screening tool (Lambers 

Heerspink et al., 2010). The classification of albuminuria based on spot specimen 

and 24-hour collection and the classification of DKD based on estimated GFR 

criteria are summarized in Table 5 and Table 6. The albuminuria categories in DKD 

are normal to mildly increased, moderately increased (previously 

microalbuminuria) and severely increased (previously macroalbuminuria) (de Boer 

et al., 2020). Due to the variability of albumin excretion into urine, two of three 

specimens collected within a 3- to 6-month period should be abnormal before 

albuminuria is confirmed (American Diabetes Association, 2022). Kidney function 

is typically measured using eGFR and categorized as follows: normal (eGFR ≥ 90), 

mildly decreased (eGFR 6089), mildly to moderately decreased (eGFR 4559), 

moderately to severely decreased (eGFR 3044), severely decreased (eGFR 1529) 

and kidney failure (eGFR < 15 mL/min/1.73 m2) (de Boer et al., 2020). Estimated 

glomerular filtration also varies within people over time, and abnormal findings 

should be confirmed (American Diabetes Association, 2022) (Table 5,6).  

As mentioned previously, the classical presentation of DKD is characterized 

by hyperfiltration and albuminuria in the early phases followed by progressive 

kidney dysfunction (Alicic et al., 2017). The categorization of DKD is important to 

distinguish from the categorization of other types of chronic kidney disease (CKD). 

It is noteworthy that diabetic participants with remarkably reduced eGFR without 

albuminuria or other forms of microvascular complications are more likely to have 
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non-diabetic kidney dysfunction than DKD (National Kidney Foundation, 2012; 

Tuttle et al., 2014).  

Table 5. Classification of albuminuria according to KDIGO (2020). 

Terms U-Alb/Crea, mg/mmol 24-hour dU-Alb, mg/day 

Normal to mildly increased < 3 < 30 

Moderately increased 330 30300 

Severely increased > 30 > 300 

KDIGO, Kidney Disease: Improving Global Outcomes; U-Alb/Crea, urinary albumin-creatinine-ratio; dU-

daily urinary albumin. 

Table 6. Classification of diabetic kidney disease by estimated GFR criteria according 

to KDIGO (2020). 

Stage Terms eGFR, mL/min/1.73 m2 

1 Normal > 90 

2 Mildly decreased 6089 

3a Mildly to moderately decreased  4559 

3b Moderately to severely decreased 3044 

4 Severely decreased 1529 

5 Kidney failure < 15 

KDIGO, Kidney Disease: Improving Global Outcomes; eGFR, estimated glomerular filtration rate. 

2.3.4 Diabetic neuropathy 

A detailed review of diabetic neuropathy is beyond the scope of the present thesis, 

although a summary of risk factors of diabetic neuropathy is presented. Diabetic 

neuropathy is a heterogeneous group of disorders with several clinical 

manifestations affecting up to 50% of individuals with diabetes over time (Dyck et 

al., 1993). Diabetic neuropathy is characterized by pain and loss of sensory function 

beginning from the lower limbs. The potential risk factors for diabetic neuropathy 

are found in common with the risk factors for DR, CVD and DKD. The two major 

risk factors of diabetic neuropathy are hyperglycemia and duration of diabetes 

(Tesfaye et al., 2005). Several components of metabolic syndrome, such as 

hypertension, obesity, and dyslipidemia, are independently associated with 

neuropathy among patients with T2D (Andersen et al., 2018; Callaghan et al., 2016). 

Other possible risk factors of diabetic neuropathy include genetic susceptibility, 

height, male gender, cigarette smoking, alcohol use and older age (Grisold et al., 

2017).  
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2.4 Comparison of one-hour post-load glucose with current 

diagnostic methods 

2.4.1 Prediction of type 2 diabetes 

Until now, FPG, 2-h OGTT and HbA1c have been common methods for evaluating 

the risk for future T2D. However, an increasing number of studies have highlighted 

that compared with the current diagnostic methods, elevated 1-h PG has better 

predictive value for future T2D at an even earlier time point.  

The San Antonio Heart Study initially identified that 1-h PG with a cut-off 

point of 8.6 mmol/L had the greatest ability to predict T2D compared to FPG and 

2-h PG, based on the ROC curve analyses (Abdul-Ghani et al., 2007, 2008). 

Confirmed results including different ethnic groups with different follow-up times 

have been accumulating during the past two decades. Several studies have also 

stated that 1-h PG outperforms HbA1c in predicting future T2D (Abdul-Ghani et 

al., 2009, 2011; Alyass et al., 2015; Oka et al., 2016; Peddinti et al., 2019; Sai 

Prasanna et al., 2017). The studies comparing the areas under the ROC curves for 

FPG, 1-h PG, 2-h PG, and HbA1c for predicting T2D are presented in Table 7 

(Abdul-Ghani et al., 2007, 2009, 2011; Alyass et al., 2015; Bergman, Chetrit, Roth, 

Jagannathan, et al., 2016; Kuang et al., 2015; Oh et al., 2017; Oka et al., 2016; 

Paddock et al., 2017; Pareek et al., 2018; Peddinti et al., 2019; Rong et al., 2021; 

Sai Prasanna et al., 2017). The optimal cut-off threshold value for 1-h PG to identify 

incident T2D varied from 7.2 to 9.9 mmol/L, being the lowest in Native Americans 

population and the highest in Japanese population. The discrepancy may arise from 

differences in ethnicity and the clinical characteristics of the study populations. For 

instance, the mean BMI seemed to be approximately five BMI units higher among 

the Native American population than the Japanese population (Oka et al., 2016; 

Paddock et al., 2017). Most of the previous studies consisted of participants aged 

50 years at baseline, and only one more recent study included elderly subjects. 

Furthermore, studies investigating sex-specific differences in the same setting are 

lacking (Table 7). 
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Considerable evidence has shown that participants with NGT and elevated 1-h PG 

are at increased risk of developing T2D compared to participants with NGT and 1-

h PG < 8.6 mmol/L. In the San Antonio Heart Study, 15.3% of the non-diabetic 

study participants with NGT and 1-h PG  8.6 mmol/L developed T2D over a 7- to 

8-years period. In those with NGT and 1-h PG < 8.6 mmol/L, the incidence rate of 

T2D was significantly lower, 2.9% (Abdul-Ghani et al., 2008). Similar results were 

observed in another study, where the conversion percentage to T2D was 49.5% for 

subjects with NGT and 1-h PG  8.6 mmol/L and 19.6% for subjects with NGT and 

1-h PG < 8.6 mmol/L over a 24-year follow-up time (Bergman, Chetrit, Roth, 

Jagannathan, et al., 2016). Furthermore, a meta-analysis of six different prospective 

studies showed that the odds ratio (OR) for the development of T2D among 

participants with NGT and 1-h PG  8.6 mmol/L was 4.33-fold compared to those 

with NGT and 1-h PG < 8.6 mmol/L (Fiorentino et al., 2018).  

The 1-h PG has been reported to have good sensitivity (5587%) and 

specificity (6479%) to predict future T2D (Abdul-Ghani et al., 2007; Alyass et al., 

2015; Bergman, Chetrit, Roth, & Dankner, 2016; Oh et al., 2017; Paddock et al., 

2017; Sai Prasanna et al., 2017). To compare with 2-h PG of 7.8 mmol/L, 1-h PG 

of 8.6 mmol/L was found to have higher sensitivity but lower specificity to predict 

future T2D (Bergman, Jagannathan, et al., 2018). However, the sums of sensitivity 

and specificity were more optimal for 1-h PG than for 2-h PG in both studies. 

Another study included the FPG in their comparative analysis and reported that 1-

h PG had better sensitivity but equal specificity (70% and 68%, respectively) than 

the FPG (51% and 66%, respectively) and 2-h PG (51% and 69%, respectively) 

(Oh et al., 2017). Approximately 1530 % of individuals with normal FPG and 2-

h PG are observed to have elevated 1-h PG level, indicating that using 1-h PG level, 

a significant number of subjects should be reclassified as being at high risk for T2D 

(Abdul-Ghani et al., 2008; Fiorentino et al., 2016; Jagannathan, Sevick, Li, et al., 

2016). As might be expected, the prevalence of subjects with elevated 1-h PG has 

been shown to increase in parallel with deteriorating glucose tolerance. Of those 

with IFG, IGT or newly diagnosed T2D, more than 60%, 90% and 90%, 

respectively, have elevated 1-h PG (Jagannathan, Sevick, Li, et al., 2016). Other 

considerable benefits from the use of 1-h PG, compared to 2-h PG, include shorter 

test period and more comfort for participants undertaking the test (Bergman, Manco, 

et al., 2018). The reproducibility of 1-h PG with cut-off point of 8.6 mmol/L in 

repeated OGTT was found to resemble that of FPG and 2-h PG in the Africans in 

America Study (Briker et al., 2020). Additional data of the reproducibility of 1-h 
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PG including threshold values of prediabetes and T2D would be worthwhile to 

examine. 

Some studies have evaluated whether 1-h PG may replace other diagnostic 

methods for the prediction of incident T2D. In a Southwestern Native Americans 

population, the combination of FPG and 2-h PG had similar ability to predict T2D 

compared to the model including FPG and 1-h PG (Paddock et al., 2017). Likewise, 

in the Botnia Prospective Study neither the combination of FPG and 2-h PG nor the 

combination of FPG, 30-min post-load glucose (30-min PG), 1-h PG, and 2-h PG, 

improved the predictability of T2D compared to the model including 1-h PG alone 

(Peddinti et al., 2019). These results were also consistent in Asian Indian adults (Sai 

Prasanna et al., 2017). As mentioned previously, 1-h PG has been evaluated to be a 

stronger predictor of future T2D than HbA1c. It has been shown that elevated 1-h 

PG also has a stronger association with 2-h PG, insulin resistance and -cell 

dysfunction than HbA1c (Jagannathan, Sevick, Fink, et al., 2016). In a cohort of 

1,356 Asian Indians with NGT at baseline based on OGTT, the combination of 1-h 

PG and HbA1c (AUC 0.66) did not provide better predictive value for T2D than 1-

h PG alone (AUC 0.71) (Sai Prasanna et al., 2017). In contrast to these findings, 

analyses performed on 624 Germans with NGT, IFG or IGT at baseline, the AUC 

for incident T2D was significantly higher for the comprised model including both 

1-h PG and HbA1c (0.87) than for 1-h PG or HbA1c alone (AUC 0.84 and AUC 

0.73, respectively) (Abdul-Ghani et al., 2011). The variations in the ethnicity of 

study populations, variations in the glucose status at baseline as well as the 

relatively small study population of German participants for subgroups analyses 

may partly explain the variable results. Recent studies have also shown that 1-h PG 

alone is a robust predictor of T2D compared to the model including traditional 

clinical risk factors of T2D or different metabolic markers (Abdul-Ghani et al., 

2011; Peddinti et al., 2019).  

The pathophysiological abnormalities associated with elevated 1-h PG 

including insulin resistance, impaired β-cell function, accelerated gastric emptying 

and increased absorption in the proximal intestine are illustrated in Figure 2 

(Abdul-Ghani et al., 2007; Fiorentino et al., 2015, 2018). In previous studies, 

participants with NGT and 1-h PG  8.6 mmol/L have been found to have both 

lower insulin sensitivity and worse β-cell function, two primary defects seen in 

T2D, compared with those with NGT and 1-h PG < 8.6 mmol/L (Manco et al., 2010; 

Marini et al., 2012). Notably, the subjects with NGT and elevated 1-h PG were 

associated with even worse β-cell function than subjects with isolated IFG or 

isolated HbA1c (Fiorentino et al., 2015; Tura et al., 2021). Considering that β-cell 
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function and insulin sensitivity are constantly demonstrated to be lower in those 

with elevated 1-h PG, is not surprising that the 1-h PG is also a better predictor of 

future T2D than FPG, 2-h PG and HbA1c. Furthermore, there is some evidence that 

subjects with elevated 1-h PG have accelerated gastric emptying. Marathe et al. 

found a rise in gastric emptying time at 1 hour during the OGTT among the study 

subjects with IFG and T2D, but not in those with NGT (Marathe et al., 2015). In 

addition, elevated intestinal glucose absorption may be one of the possible 

explanations for the early phase hyperglycemia. The intestinal glucose is absorbed 

via the sodium/glucose co-transporter1 (SGLT1). In the study of 54 subjects, the 

SGLT1 expression was suggested to be markedly higher and correlated in 

participants with NGT and 1-h PG  8.6 mmol/L compared with subjects with NGT 

and 1-h PG < 8.6 mmol/L. The positive correlation was not observed between 

SGLT1 and FPG or 2-h PG (Fiorentino et al., 2017). These findings demonstrated 

that elevated 1-h PG levels may identify high-risk individuals earlier than FPG, 2-

h PG or HbA1c at a phase preceding prediabetes (Fig. 2).  

 

Fig. 2. The pathophysiological mechanisms involved in the development of elevated 

one-hour post-load glucose level are increased insulin resistance, glucose absorption, 

gastric emptying, and reduced -cell function. Furthermore, one-hour post-load glucose 

associates with type 2 diabetes and diabetes-related complications. Modified from 

Fiorentino et al. (2018).  
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2.4.2 Association of diabetic complications 

Cardiovascular morbidity and mortality 

In a large recent meta-analysis, prediabetes was associated with an increased risk 

for composite CVD (risk ratio (RR) 1.15; 95% CI 1.111.21) and mortality (RR 

1.13; 95% CI 1.101.17) risk in general population with a median follow-up of 9.8 

years. When comparing prediabetic subjects to NGT subjects, the CVD risk was 

approximately 9-fold and mortality risk 7-fold per 10,000 person years, indicating 

the importance of detecting participants with prediabetes (Cai et al., 2020). 

Furthermore, the importance of 2-h PG is justified by the finding that impaired 2-h 

PG with the normal FPG predicts independently CVDs and all-cause mortality 

(DECODE Study Group, 1999a, 2003a). According to previous findings, 1-h PG is 

also suggested to be a capable parameter for identifying individuals at high risk for 

cardiovascular morbidity and mortality (Bergman, Chetrit, Roth, & Dankner, 2016; 

Meisinger et al., 2006; Nielsen et al., 2018; Orencia et al., 1997; Pareek et al., 2018; 

Strandberg et al., 2011).  

A recent study showed that elevated 1-h PG, but not FPG or 2-h PG, predicted 

cardiovascular morbidity and mortality independently of other cardiovascular risk 

factors in non-diabetic male population over a follow-up of 27 years (Nielsen et al., 

2018). Indeed, Pareek et al. demonstrated that NGT subjects with elevated 1-h PG 

had an increased risk for incident myocardial infarction (hazard ratio (HR) 1.24; 

95% CI 1.101.39) and fatal ischemic stroke (HR 1.29; 95% CI 1.191.39) 

compared with those with NGT and 1-h PG < 8.6 mmol/L after adjusting with age, 

BMI, IFG, triglycerides, and family history of diabetes in a cohort study of 4,867 

men. Importantly, in the same study, the detected risk was similar between the 

participants with NGT and low 1-h PG and IGT and low 1-h PG (Pareek et al., 

2018). These two studies, however, included only male participants (Nielsen et al., 

2018; Pareek et al., 2018). Another study with a long follow-up of 33 years assessed 

the relationship of 1-h PG and 2-h PG with mortality. Individuals with NGT and 

elevated 1-h PG had a 1.33-fold (95% CI 1.131.55) mortality risk compared with 

NGT subjects with low 1-h PG. This finding remained significant when adjusting 

with sex, age, smoking, BMI, FPG, and blood pressure. The risk for mortality was 

found to be greater in subjects with both IGT and 1-h PG  8.6 mmol/L (HR 1.88; 

95% CI 1.592.23) than in those with elevated 1-h PG alone (Bergman, Chetrit, 

Roth, & Dankner, 2016). The finding may be explained by the longer exposure to 

postprandial hyperglycemia (Node & Inoue, 2009). A few more studies have 
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addressed the ability of 1-h PG to predict future cardiovascular outcomes, but the 

limitation of these studies includes the lack of comparison with FPG and 2-h PG 

(Meisinger et al., 2006; Orencia et al., 1997; Strandberg et al., 2011). Additionally, 

especially male NGT subjects with 1-h PG  8.6 mmol/L were suggested to have 

more severe coronary heart disease based on coronary angiography as well as 

higher risk of cardiovascular event readmission in 1-year follow-up than subjects 

with NGT and low 1-h PG (Cao et al., 2020).  

In population studies, an elevated 1-h PG has been associated with several 

other cardiovascular complications. A previous study observed that NGT subjects 

with 1-h PG ≥ 8.6 mmol/L were at higher risk for modifications of cardiac structure 

including left ventricular mass (Sciacqua, Miceli, Carullo, et al., 2011) and 

impaired left ventricular diastolic function (Sciacqua, Miceli, Greco, et al., 2011). 

A few more studies have also shown that participants with elevated 1-h PG are at 

increased risk of arterial stiffness as well as early carotid atherosclerosis (Nakagomi 

et al., 2018; Succurro et al., 2009). 

There are also contradictory findings concerning the superiority of 1-h PG over 

2-h PG. The Finnish Diabetes Prevention Study, consisting of 504 participants with 

IGT at baseline, found a significant association between both 1-h PG and 2-h PG 

with cardiovascular events. However, only 2-h PG remained an independent risk 

factor in their pairwise comparisons (Lind et al., 2014). The CIs for the estimated 

HRs were wide, describing the relatively small sample size with only 34 CVD 

events during the median follow-up of 9 years. Furthermore, the contradictory 

results may be partly explained by the differences in the baseline glucose status of 

the study subjects.  

From a pathophysiological point of view, the association between 1-h PG and 

CVD morbidity and mortality may be explained by several possible factors. 

Participants with NGT and elevated 1-h PG have been observed to have a 

cardiovascular risk profile similar to participants with IGT and T2D. They have 

increased levels of triglycerides and LDL cholesterol with reduced concentrations 

of HDL cholesterol (Andreozzi et al., 2017). Additionally, subjects with NGT and 

1-h PG  8.6 mmol/L have impaired -cell function, reduced insulin sensitivity 

(Marini et al., 2012) and an unfavorable inflammatory profile (Sesti et al., 2014), 

which are considered as risk factors for the development of CVDs. Furthermore, 

the NGT subjects with elevated 1-h PG are observed to have significantly higher 

levels of uric acid than those with NGT and low 1-h PG (Perticone et al., 2012). 

Some epidemiological studies have suggested that uric acid is an independent risk 

factor for CVD (Feig et al., 2008).  
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Diabetic retinopathy  

The thresholds of FPG, 2-h PG and HbA1c for diagnosing diabetes are based on 

the increased risk of retinopathy above these levels. Very few studies have 

evaluated the ability of 1-h PG to discriminate between the presence and absence 

of retinopathy or to predict retinopathy (Paddock et al., 2018; Pareek et al., 2018), 

and none of these studies have compared all four glucose methods in their analyses.   

Earlier studies have reported variability in the optimal threshold values for FPG 

and 2-h PG to detect retinopathy, and the current diagnostic criteria seem to 

represent a compromise. There are several cross-sectional studies evaluating the 

association of retinopathy between FPG, 2-h PG or HbA1c. A large population-

based study of more than 40,000 participants from five different countries with 

retinal photographs available suggested that the diagnostic criteria for FPG could 

be lowered to 6.5 mmol/L (Colagiuri et al., 2011). Similarly, another study showed 

that the current FPG cut-off point of 7.0 mmol/L has lower than 40% sensitivity to 

detect retinopathy (Wong et al., 2008). In terms of 2-h PG, the optimal cut-off 

values to detect retinopathy are also found to range widely from 10.7 mmol/L to 

13.3 mmol/L depending on the study population (Engelgau et al., 1997; Tapp et al., 

2006; Xin et al., 2012). However, the presence of diabetic retinopathy is suggested 

to correlate better with HbA1c  48 mmol/mol (6.5%) than with the current 

diagnostic criteria of FPG or 2-h PG (Cheng et al., 2009; Colagiuri et al., 2011). 

The longitudinal association of glucose methods using the incidence of retinopathy 

as the outcome has been less evaluated (Y. Matsushita et al., 2021; McCane et al., 

1994). The study of 960 Pima Indians with a 5-year follow-up stated that FPG, 2-h 

PG and HbA1c predicted DR similarly (McCane et al., 1994). Another more recent 

study with Japanese population did not find any significant advantages between 

FPG and HbA1c to detect incident cases of DR during the 4-year follow-up time 

(Y. Matsushita et al., 2021).  

Elevated 1-h PG is associated with increased risk of retinopathy. A recent study 

comprising 2,895 American Indians in a cross-sectional cohort and 1,703 in a 

longitudinal cohort showed that 1-h PG and 2-h PG have similar predictive value 

for identifying DR based on direct ophthalmoscopy. In the ROC analyses, the 

accuracy of 1-h PG with cut-off points of 12.8 mmol/L for T2D and 9.6 mmol/L 

for prediabetes were equivalent in predicting retinopathy compared with 2-h PG 

with cut-off points of 11.1 mmol/L and 7.8 mmol/L, respectively. Before the 

findings of the association of 1-h PG with retinopathy or the suggested cut-off 

points for 1-h PG are generalized, more comparative studies including different 
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ethnic populations are warranted (Paddock et al., 2018). In the Malmö Preventive 

Project Study, the adjusted HR for incident DR during a 39-year follow-up was 

approximately fivefold increased in participants with NGT and 1-h PG  8.6 

mmol/L (HR 5.23; 95% CI 3.248.43) and with IGT and 1-h PG  8.6 mmol/L (HR 

4.67; 95% CI 1.7512.48). Interestingly, participants with IGT and 1-h PG < 8.6 

mmol/L did not have increased risk for developing DR (Pareek et al., 2018).  

Diabetic kidney disease 

So far, only two previous studies have evaluated the association between 1-h PG 

and albuminuria as well as kidney involvement. An analysis performed on 2,439 

obese Caucasians stated that NGT subjects with elevated 1-h PG had higher levels 

of albuminuria determined by 24-hour urine collection compared with those with 

NGT and low 1-h PG (Haverals et al., 2019). Additionally, in a cross-sectional study, 

subjects with elevated 1-h PG were shown to be associated with a lower GFR, 

indicating a 2.61-fold (95% CI 1.016.77) risk for diminished GFR compared with 

subjects with 1-h PG < 8.6 mmol/L after adjusting for age and gender. When only 

study participants with NGT based on OGTT were included in the logistic 

regression analysis, the estimated OR remained significantly higher (OR 4.63; 95% 

CI 1.4314.93) among those with elevated 1-h PG as compared with individuals 

with 1-h PG < 8.6 mmol/L (Succurro et al., 2010).  

Similar pathophysiological features are suggested between 1-h PG and 

albuminuria as previously described between 1-h PG and CVD outcomes, such as 

unfavorable lipid and inflammation profile (Afghahi et al., 2011; Barrera-Chimal 

& Jaisser, 2020). Furthermore, elevated 1-h PG is primarily considered to be caused 

by two main pathophysiological mechanisms: insulin resistance and diminished β-

cell function (Marini et al., 2012). In line with this, reduced insulin sensitivity 

appears also to be associated with greater risk of albuminuria by inducing 

glomerular filtration (de Cosmo et al., 2013; Pilz et al., 2014). However, the 

possibility that both elevated 1-h PG and albuminuria occur in parallel because of 

similar glucose disturbances needs to be further investigated. 

2.4.3 Summary of the gaps in the previous literature 

As described in the previous sections, the 1-h PG is suggested to be a more capable 

tool in the prediction of T2D than FPG and 2-h PG (Abdul-Ghani et al., 2007, 2009, 

2011; Alyass et al., 2015; Bergman, Chetrit, Roth, Jagannathan, et al., 2016; Kuang 
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et al., 2015; Oh et al., 2017; Oka et al., 2016; Paddock et al., 2017; Pareek et al., 

2018; Peddinti et al., 2019; Rong et al., 2021; Sai Prasanna et al., 2017). Although 

there is evidence outlining the effects of gender and age on postprandial glucose 

metabolism (Basu et al., 2006), little is known about their effect on 1-h PG levels. 

Furthermore, there is an increasing understanding of the association of 1-h PG with 

cardiovascular morbidity and mortality, but less is known about the significance of 

1-h PG in addition to other cardiovascular risk factors (Nielsen et al., 2018). 

Furthermore, there are only few studies that have compared the association of 1-h 

PG with other diagnostic methods in terms of microvascular complications 

including retinopathy signs and albuminuria. Previous studies have also some 

methodological weaknesses, as retinopathy sings have been determined by direct 

ophthalmoscopy and albuminuria by 24-hour urine collection (Haverals et al., 2019; 

Paddock et al., 2018). Furthermore, some previous studies have also considered the 

reduction of 2-h OGTT to 1-h OGTT in identifying people at high risk of 

developing T2D. In this regard, more comparative studies are needed.  
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3 Aims of the study 

The purpose of the present thesis was to compare the association of FPG, 1-h PG 

and 2-h PG in OGTT with T2D and related complications including cardiovascular 

events, retinopathy, and albuminuria. The specific aims were:  

1. To determine whether FPG, 1-h PG and 2-h PG have similar ability to predict 

T2D (I)   

2. To evaluate whether FPG, 1-h PG and 2-h PG have similar ability to predict 

cardiovascular outcomes alone and in a prediction model with other traditional 

cardiovascular risk factors included (II) 

3. To assess the associations of retinopathy signs with FPG, 1-h PG and 2-h PG 

in a cross-sectional setting (III) 

4. To investigate the ability of FPG, 1-h PG and 2-h PG to detect albuminuria in 

a cross-sectional setting (IV)  

5. To evaluate whether 2-h PG provides any benefit in addition to FPG and 1-h 

PG in the prediction of T2D and cardiovascular outcomes as well as in the 

identification of people with albuminuria (I, II, IV) 
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4 Materials and methods 

4.1 Study populations and study designs 

4.1.1 Summary of the study designs, study populations and main 

variables 

Four Finnish study populations were used for the analyses of the present thesis. The 

first two were prospective studies and the latter two cross-sectional studies. A 

summary of the study designs, populations, and main variables of studies IIV is 

presented in Table 8 and described in detail in the following sections. 

Table 8. Summary of the study designs, populations, and main variables in studies IIV. 

Study Cohort  

name 

Design Population  Main variables 

I Oulu45 Prospective 

study 

654 subjects (57 years) without 

T2D at baseline, available data of 

glucose values at baseline and at 

12-year follow-up survey 

 FPG, 1-h PG, 2-h PG, T2D 

II OPERA Prospective  

study 

977 middle-aged subjects without 

previously diagnosed T2D and 

available data of glucose values 

and CVD outcomes followed up 

to 24 years 

 FPG, 1-h PG, 2-h PG, traditional 

CVD risk factors (age, sex, 

hypertensive disorder, waist 

circumference, smoking status, 

LDL cholesterol), CVD events 

III NFBC1966 Cross-

sectional  

study 

1,809 subjects (47 years) without 

previously diagnosed T2D or 

antihypertensive treatment, 

available data of glucose values 

and ophthalmology examinations 

 FPG, 30-min PG, 1-h PG, 2-h 

PG, retinopathy signs 

IV Savitaipale 

study 

Cross-

sectional  

study 

496 subjects (mean age 72 

years), without previous diabetes 

diagnosis, with available data of 

glucose values and albuminuria 

 FPG, 1-h G, 2-h PG, U-Alb/Crea 

OPERA, Oulu Project of Elucidating the Risk of Atherosclerosis; NFBC1966, Northern Finland Birth 

Cohort 1966; T2D, type 2 diabetes; FPG, fasting plasma glucose; 30-min PG; 30-minute post-load 

glucose; 1-h PG, one-hour post-load glucose; 2-h PG, two-hour post-load glucose; OGTT, oral glucose 

tolerance test; CVD, cardiovascular disease; LDL, low-density lipoprotein; U-Alb/Crea, urinary albumin-

creatinine-ratio. 
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4.1.2 Oulu45 cohort study (I) 

The study population of the first study (study I) consisted of the participants born 

in 1945 and living in the city of Oulu in northern Finland on 31 December 2001. 

Originally, 1,332 people were invited to the baseline examinations, of whom 993 

(74.5%) subjects participated. The baseline clinical examinations were carried out 

in 2001–2003. The subjects with self-reported T2D or a T2D diagnosis based on 

the WHO criteria (1999) were excluded at baseline (World Health Organization, 

1999). All previous Oulu45 cohort subjects were called to the 12-year follow-up 

study in 2013–2015, and data was received from 714 subjects (71.9% coverage of 

baseline participants). In all, complete glucose data was available for 654 

participants, consisting of 274 men and 380 women (Fig. 3). 

 

Fig. 3. Flowchart of the study population of the Oulu45 cohort in study I.  

4.1.3 OPERA study (II) 

The study population of the second study (study II) consisted of participants from 

the OPERA (Oulu Project of Elucidating the Risk of Atherosclerosis) study, which 

was originally conducted to investigate the risk factors of atherosclerotic 

cardiovascular diseases. The population-based study included 600 middle-aged 
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hypertensive subjects with their 600 age- and sex-matched control subjects 

randomly selected from the national registers between 1990 and 1993. Out of 1,200 

subjects, 1,045 took part in the study, and the overall participation rate was 87.1% 

(Rantala et al., 1999). In this study, we excluded participants with missing glucose 

values or traditional cardiovascular risk factors (n = 10), previously diagnosed T2D 

or the use of glucose-lowering medication (n = 58), leaving 977 of the 1,200 

subjects (81.4%) for the analysis. All participants were followed up for the 

occurrence of cardiovascular outcomes, cardiovascular and non-cardiovascular 

death until the end of 2014 without loss to follow-up for other reasons than death 

(Fig 4). 

 

Fig. 4. Flowchart of the study population of the OPERA (Oulu Project of Elucidating the 

Risk of Atherosclerosis) project in study II. T2D, type 2 diabetes. 

4.1.4 Northern Finland Birth Cohort 1966 (III) 

The study population of the third study (study III) consisted of the Northern Finland 

Birth Cohort 1966 (NFBC1966), comprising 12,068 mothers who gave birth to 

12,058 live-born children in the two northernmost provinces of Finland in 1966 

(Nordström et al., 2022). At the age of 46 years, 10,321 cohort participants with 

known address attended the follow-up examinations carried out in 20122014. 

Half of the 10,321 individuals were randomized to ophthalmologic examinations, 

which were attended by 3,070 (60%) of the 5,155 randomized subjects. 

Randomization was performed using Resampling Stats software (Resampling Stats 

Inc., Arlington, Virginia, USA) and was based on gender, age, postcode and the 
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month of birth. Participants with any missing data (more than one missing OGTT 

time point) (n = 1,003), with previously diagnosed T2D (n = 17) and/or who used 

blood pressure-lowering medication were excluded (n = 241). The data were 

available for 1,809 subjects (59%) for the analysis of study III (Fig. 5).  

 

Fig. 5. Flowchart of the study population of the Northern Finland Birth Cohort 1966 in 

study III. T2D, type 2 diabetes. Republished (modified) with permission from CC BY 4.0 

license from study III © 2020 Saunajoki et al. 

4.1.5 Savitaipale study (IV) 

The study population of the fourth study (study IV) consisted of subjects born 

between 1933 and 1956 and living in the municipality of Savitaipale in a rural area 

of Eastern Finland. Originally, the study was designed to estimate the risk factors, 

prevalence and incidence of glucose metabolism disorders and other non-

communicable diseases. Saramies et al. have previously provided a detailed 

description of the study population and selection criteria (Saramies et al., 2021). The 

target population included 1,508 participants, and a total of 1,168 agreed to participate 

(attendance rate 77.5%). The baseline survey was carried out in 19961999, and the 

follow-up surveys 10 years and 22 years thereafter. Study IV comprised the subjects 
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who attended the 22-year follow-up examinations. In 20182019, all participants 

who were alive and had complete glucose data at baseline (n = 906) were invited 

to participate in the 22-year follow-up examinations. After exclusion of participants 

with missing or invalid measurements (n = 141) or non-participations (n = 269), 

496 individuals remained in the final study population (Fig. 6).  

 

Fig. 6. Flowchart of the study population of the Savitaipale project in study IV. 

4.2 Clinical and laboratory assessments (IIV) 

Clinical and laboratory evaluations were nearly similar in studies IIV. The clinical 

examinations included anthropometric measurements and blood samplings. All 

clinical and laboratory measurements were conducted by a study nurse after an 

overnight fasting period of 12 hours. Anthropometric measurements included 

height, weight, and waist circumference, which was measured halfway between the 

lower ribs and the iliac crest. BMI was calculated as weight (kg) divided by height 

squared (m2). Systolic and diastolic blood pressure were measured three times at 1-

minute intervals in a sitting position from the right arm after 15 minutes of rest. 

Hypertension was defined as systolic blood pressure of ≥ 140 mmHg and/or diastolic 

blood pressure of ≥ 90 mmHg.  

Fasting blood samples were drawn from an antecubital vein for the analysis of 

glycemic and lipid status. A 2-h OGTT was conducted for participants without 
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previously diagnosed diabetes and FPG < 8.0 mmol/L. Glucose values were measured 

at 0, 60, and 120 min after 75-g glucose intake. In study III, the glucose concentration 

was also determined at 30-min after glucose ingestion. In studies I and II, the baseline 

glucose values were determined from whole blood in accordance with the earlier 

clinical practice guidelines in Finland. Because the glucose measures differ between 

whole blood and venous plasma, a national correction factor of 1.11 for study I and 

1.13 for study II was used to equate the baseline blood glucose to plasma glucose values 

(D’Orazio et al., 2006; Type 2 Diabetes. Current Care Guidelines, 2020). According to 

WHO criteria, the diagnostic values of plasma glucose concentrations in the OGTT 

were the following: IFG as FPG of 6.16.9 mmol/L and 2-h PG < 7.8 mmol/L; IGT as 

FPG < 7.0 mmol/L and 2-h PG of 7.811.0 mmol/L; T2D as FPG of  7.0 mmol/L or 

2-h PG of  11.1 mmol/L (Alberti & Zimmet, 1998). Large population-based studies 

have suggested that 1-h PG ≥ 8.6 mmol/L may be used as a criterion for prediabetes 

(Abdul-Ghani et al., 2007, 2008). The current meta-analyses showed that the cut-

off point of 1-h PG ≥ 11.6 mmol/L may be used to diagnose T2D (Ahuja et al., 

2021). In studies III and IV, the concentrations of glycated and total hemoglobin were 

measured using immunochemical assay methods. The ratio is reported as mmol/mol 

and percent hemoglobin A1c. An HbA1c of 48.0 mmol/mol (6.5%) is recommended as 

the cut-off point for diagnosing T2D (American Diabetes Association, 2022; World 

Health Organization, 2011b). An IEP suggested that the concentrations of HbA1c of 

42.047.0 mmol/mol (6.06.4%) may be used as the cut-off point for prediabetes 

(Saudek et al., 2008).  

In study III, serum insulin levels were measured at 0, 30, 60, and 120 min after 

glucose intake. Insulin sensitivity HOMA2-IR (the Homeostasis Model 

Assessment for Insulin Resistance) was calculated as (20 × fasting serum insulin 

(FSI)) / (FPG– 3.5) × 100, and Matsuda Index as 10,000/sqrt (FPG × FSI × (mean 

OGTT glucose concentration) × (mean OGTT insulin concentration)), where sqrt 

= square root (Matsuda & DeFronzo, 1999; Wallace et al., 2004). In studies IIV, 

the levels of total cholesterol, HDL cholesterol, LDL cholesterol, and triglycerides were 

determined using an enzymatic assay method. In study IV, the albuminuria was 

determined by urinary albumin-to-creatinine ratio in a random spot urine collection 

and was defined as ≥ 3.0 mg/mmol (American Diabetes Association, 2022).  

All subjects answered a standard health questionnaire covering smoking status, 

medical history and current medications, and in study II, also physical activity. 

Participants were categorized as never smokers, current smokers, or ex-smokers in 

study II and as non-smokers or current smokers in studies III and IV according to 
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their responses. In study II, physical activity was classified into three classes: heavy 

regular, regular, and no or irregular.  

4.3 Diagnosis of cardiovascular morbidity and mortality (II) 

In study II, the main outcomes of interest were cardiovascular events, 

cardiovascular death and non-cardiovascular death defined according to the 

relevant International Classification of Diseases (ICD-8, ICD-9, ICD-10) codes. 

Coronary heart disease (CHD) was defined as diagnoses I20, I21, I22 [ICD-10] and 

410, 4110 [ICD-8/9], coronary artery bypass graft or coronary angioplasty or as 

I20–I25, I46, R96, R98 [ICD-10] and 410–414, 798 (not 798.0 A) [ICD-8/9] as 

causes of death. CVD was defined as CHD or stroke that included I61, I63 (not 

I636), I64 [ICD-10] and 431, 4330 A, 4331 A, 4339 A, 4340 A, 4341 A, 4349 A, 

436 [ICD-9] or 431 (excluding 43101, 43191), 433, 434, 436 [ICD-8] according to 

the FINDRISC criteria. Information of cardiovascular outcomes was recorded by 

the Finnish Causes-of-Death Register and the Hospital Discharge Register.  

4.4 Ophthalmic examinations and classification of retinopathy 

signs (III) 

All participants in study III underwent 45˚digital fundus photography with a Canon 

CF-60DSi fundus camera (Canon Inc., Tokyo, Japan) after mydriasis with 

tropicamide 5 mg/mL eye drops. The images were taken from both eyes centered 

on the optic disc and macula. Each set of two-field images was read from both eyes 

and processed by using Neacapture software (Neagen Oy, Oulu, Finland). Two 

ophthalmologists evaluated the photographs independently, masked to the patients’ 

identity and clinical diagnosis. The retinopathy signs were defined by the worse 

eye and classified into four categories according to the Eurodiab classification 

scheme: no retinopathy, mild non-proliferative DR, moderate non-proliferative DR, 

severe non-proliferative DR, and proliferative DR (Aldington et al., 1995). Retinal 

arteriolar calibers, retinal venular calibers and arteriolar-to-venular ratio as the ratio 

of the two variables were measured from the retinal images using the Integrative 

Vessel Analysis software version 1.3 (Department of Ophthalmology and Visual 

Science, University of Wisconsin, Madison, WI, USA) as described in detail 

previously (Geneid et al., 2019). Moreover, all participants of study II were 

analyzed by optical coherence tomography (OCT) imaging using spectral-domain 

OCT (Cirrus HD-OCT 4000, Carl Zeiss Meditec AG). 
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4.5 Statistical analyses (IIV) 

The data were analyzed using IBM SPSS Statistics versions 23.0-26.0 (Armonk, 

NY: IBM Corp.), MedCalc for Windows version 17.9.7 (MedCalc Software, 

Ostend, Belgium) and R version 3.6.2 (R Foundation for Statistical Computing, 

Vienna, Austria). A two-sided p value was used, and results were considered 

statistically significant when p < 0.05. Continuous variables with normal 

distribution were described as means with standard deviations (SD), non-normal 

variables as median with 25th to 75th percentiles, and categorical variables as 

frequency (n) with corresponding percentages (%). The distribution of the 

continuous variables was checked by Shapiro-Wilk test or by visual inspection of 

histograms. Student’s t-test, Welch’s t-test, and Mann-Whitney U-test were used to 

compare continuous variables, and in the case of categorical variables, Pearson’s 

Chi-square test or Fisher’s exact test were used where appropriate 

In studies I and IV, ROC analyses were used to determine the optimal cut-off 

point for FPG, 1-h PG and 2-h PG. Optimal sensitivity and specificity were defined 

as those yielding the minimum value for (1-sensitivity)2+ (1-specificity)2. In study 

I, the area under the ROC curve was used to compare the predictive ability of each 

glucose levels. ROC curves were also used to compare the predictive ability of two 

logistic regression models, which were applied to predict T2D. The first model 

included FPG and 1-h PG levels, and the second model included the first model 

plus a 2-h PG level as predictors. In study IV, the ROC analyses were used to 

compare the ability of FPG, 1-h PG, 2-h PG and two different prediction models 

(FPG, 1-h PG vs. FPG, 1-h PG, 2-h PG) to detect albuminuria.  

In study II, to evaluate the value of FPG, 1-h PG and 2-h PG in predicting 

cardiovascular events, Cox proportional hazard models were applied. The validity 

of proportional hazard assumptions was checked by graphical assessment using 

Kaplan-Meier curves. Multicollinearity among predictors was assessed by using 

variance inflation factor (VIF) and deemed to be in an acceptable range (maximum 

VIF 1.79). Four prediction models were developed, of which the first included the 

traditional cardiovascular risk factors: age, sex, hypertensive disorder, waist 

circumference, smoking status (never smoker, ex-smoker, and current smoker) and 

LDL cholesterol. The second, third and fourth models included the first model plus 

FPG, 1-h PG or 2-h PG, respectively. A likelihood-ratio test (LR test) was used to 

compare the traditional cardiovascular risk factor model with the other prediction 

models. Harrell’s concordance index (C index) was assessed to quantify the models’ 

predictive abilities. The integrated discrimination improvement index (IDI) was 
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used to evaluate the improvement in model performance. Bootstrapping (with 

1,000 resamples) was used to estimate CIs.  

In studies III and IV, the logistic regression analyses were used to estimate the 

association between different glucose measurements and microvascular 

complications. In study III, the logistic regression model was adjusted with systolic 

blood pressure, and in study IV, with blood pressure (categories < 140/90 and ≥ 140 

and/or 90 mmHg) and age (continuous variable). Estimates were presented as ORs 

with 95% CIs. 

4.6 Ethical considerations 

The studies of this thesis were conducted according to the Declaration of Helsinki. 

Studies IIII were approved by the Ethical Committee of the Northern Ostrobothnia 

Hospital District and the study IV by the University of Helsinki. Participation in all 

data collection was voluntary for the participants. Written informed consent was 

obtained from each participant before participation. The participants had the right 

to withdraw from the study at any time without giving any reason. 
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5 Results 

5.1 Comparison of fasting plasma glucose, one-hour post-load 

glucose and two-hour post-load glucose 

5.1.1 Prediction of type 2 diabetes (I) 

Of 654 participants, 60 (9.2%) were diagnosed with T2D in health care system 

during the follow-up and 47 (7.2%) in the 12-year follow-up survey based on 2-h 

OGTT. Table 9 shows the baseline characteristics of the study population separately 

for men and women subdivided according to incident T2D. The mean age of the 

study participants was 56.8 ± 0.5 years at baseline in 2001–2003 and 68.9 ± 0.6 

years in the follow-up survey in 20132015. As expected, participants of both sexes 

who developed T2D during the follow-up period had significantly higher BMI, 

waist circumference, systolic blood pressure, triglycerides, FPG, 1-h PG, 2-h PG, 

and lower HDL cholesterol level at baseline (p < 0.05 for all comparisons). In 

addition, women who developed T2D during the follow-up also had significantly 

higher diastolic blood pressure at baseline (p < 0.05) (Table 9). 

Furthermore, the ROC curve was used to evaluate the ability of glucose 

measurements to predict the incidence of T2D. The area under the ROC curve was 

significantly greater for the 1-h PG (AUC 0.81; 95% CI 0.760.86) than for FPG 

(AUC 0.71; 95% CI 0.660.77, p < 0.01 between FPG and 1-h PG) and 2-h PG 

(AUC 0.72; 95% CI 0.660.79, p = 0.01 between 1-h PG and 2-h PG). The optimal 

cut-off points to predict T2D were 5.5 mmol/L for FPG, 8.9 mmol/L for 1-h PG 

and 6.8 mmol/L for 2-h PG. The ROC curves are demonstrated in Figure 7. After 

evaluating both sexes separately, no statistically significant differences were 

detected in the optimal cut-off points between men and women. The optimal cut-

off thresholds for FPG, 1-h PG and 2-h PG were 5.7 mmol/L, 8.9 mmol/L, 6.4 

mmol/L for men and 5.4 mmol/L, 8.6 mmol/L, 6.8 mmol/L for women, respectively. 

Furthermore, for 1-h OGTT including FPG and 1-h PG, the AUC was 0.82 (95% 

CI 0.770.87). When adding the 2-h PG level to this model, the AUC did not 

increase statistically significantly (AUC 0.83; 95% CI 0.790.88, p = 0.23). The 

ROC curves of these two predictive models are illustrated in Figure 8.  
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Table 9. Baseline characteristics of the study population separately for men and women 

with and without incident type 2 diabetes. 

Variables Men without 

T2D 

Men with 

T2D 

p value 

between 

men with 

and without 

T2D 

Women 

without T2D 

Women with 

T2D 

p value 

between 

women with 

and without 

T2D 

Study population, n (%) 213 (80) 61 (20)  334 (88) 46 (12)  

BMI, kg/m2 (SD)  26.6 (3.4)  30.0 (3.6) < 0.001 26.0 (4.0) 29.7 (5.3) < 0.001 

Waist circumference, 

cm (SD) 

93.4 (9.8) 102.5 (10.0) < 0.001 81.0 (10.5) 92.0 (12.7)  < 0.001 

FPG, mmol/L (SD) 5.3 (0.5) 5.8 (0.6) < 0.001 5.2 (0.5) 5.5 (0.5) < 0.001 

1-h PG, mmol/L (SD) 8.2 (2.0) 10.7 (2.4) < 0.001 7.6 (1.6) 9.9 (2.1) < 0.001 

2-h PG, mmol/L (SD) 5.9 (1.2) 7.1 (1.9) < 0.001 6.2 (1.1) 7.7 (1.5) < 0.001 

LDL cholesterol, mmol/L 

(SD) 

3.5 (0.8) 3.6 (1.1) 0.563 3.5 (0.8) 3.6 (0.9) 0.476 

Triglycerides, mmol/L 

(SD) 

1.3 (0.7) 1.9 (1.0) < 0.001 1.2 (0.5) 1.6 (0.6) < 0.001 

HDL cholesterol, 

mmol/L (SD) 

1.6 (0.4) 1.5 (0.4) 0.010 1.9 (0.5) 1.8 (0.5) 0.035 

Total cholesterol, 

mmol/L (SD) 

5.7 (0.8) 5.9 (1.2) 0.236 5.9 (0.9) 6.1 (0.9) 0.340 

Systolic blood pressure, 

mmHg (SD) 

137 (17) 144 (20) 0.013 134 (19) 141 (19) 0.023 

Diastolic blood 

pressure, mmHg (SD) 

88 (11) 90 (10) 0.146 86 (11) 90 (11) 0.018 

Continuous variables are presented as mean and standard deviation (SD). Categorical variables are 

presented as counts and percentages (%). T2D, type 2 diabetes; BMI, body mass index; FPG, fasting 

plasma glucose; 1-h PG, one-hour post-load glucose; 2-h PG, two-hour post-load glucose; LDL, low-

density lipoprotein; HDL, high-density lipoprotein. Republished with permission from study I © 2020 

Elsevier. 

 



 

63 

Fig. 7. Receiver Operating Characteristic (ROC) curves illustrate the ability of fasting 

plasma glucose (blue line), one-hour post-load glucose (red line) and two-hour post-

load glucose (purple line) to predict future type 2 diabetes (n = 654). Each point on the 

ROC curves represents the optimal cut-off values; 5.5 mmol/L (AUC 0.71; 95% CI 0.66–

0.77), 8.9 mmol/L (AUC 0.81; 95% CI 0.76–0.86) and 6.8 mmol/L (AUC 0.72; 95% CI 0.66–

0.79), respectively, (p < 0.01 between fasting plasma glucose and one-hour post-load 

glucose, p = 0.01 between one-hour post-load glucose and two-hour post-load glucose). 

Republished with permission from study I © 2020 Elsevier.  
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Fig. 8. Receiver Operating Characteristic (ROC) curves represent two prediction models 

of type 2 diabetes (n = 654): the first model (blue line) with fasting plasma glucose and 

one-hour post-load glucose (AUC 0.82; 95% CI 0.77–0.87), and the second model (red 

line) with the first model plus two-hour post-load glucose (AUC 0.83; 95% CI 0.79–0.88, 

p = 0.23). Republished with permission from study I © 2020 Elsevier. 

The breakdown of subjects with new onset T2D predicted by baseline FPG, 1-h PG 

and 2-h PG is illustrated in the Venn diagram in Figure 9. The 1-h PG of  8.9 

mmol/L predicted 76.6% (82/107) of new cases of T2D and 2-h PG of  6.8 mmol/L 

predicted 62.6% (67/107). When including FPG in the evaluations, the combination 

of FPG and 1-h PG levels found 86.9% (93/107) of the participants who developed 

T2D during the follow-up. Furthermore, 2-h PG was able to identify 8.4% (9/107) 

of the subjects who were not recognized by either FPG or 1-h PG to be at high risk 

of T2D. Of this 8.4%, six were females and three males; however, their waist 

circumference increased a median of 11.0 cm during the follow-up period (Fig. 9). 
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Fig. 9. Breakdown of subjects with new onset type 2 diabetes during the 12-year follow-

up (n = 397) predicted by baseline fasting plasma glucose with cut-off point of 5.5 

mmol/L (green circle), one-hour post-load glucose of 8.9 mmol/L (blue circle) and two-

hour post-load glucose of 6.8 mmol/L (brown circle). The red circle represents the 

participants diagnosed with type 2 diabetes during the follow-up survey. Republished 

with permission from study I © 2020 Elsevier. 

5.1.2 Prediction of cardiovascular events (II) 

Altogether, 222 of 977 (22.7%) study participants had a non-fatal (84.2%, n = 

187/222) or fatal (15.8%, n = 35/222) composite CVD endpoint during a median 

follow-up of 19.8  5.7 years. Table 10 presents the baseline characteristics of the 

participants at the time of study entry subdivided into two categories: no CVDs and 

cardiovascular morbidity/mortality. As expected, the participants with CVD 

endpoint were older, more likely to have elevated blood pressure, glucose 

measurements, BMI and waist circumference and worse lipid profile, and more 

likely to be men and smokers compared to the participants without the occurrence 

of CVD. However, physical activity did not associate with CVD outcomes (Table 

10).  
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Table 10. Baseline characteristics of study population with and without cardiovascular 

outcome. 

Variables No cardiovascular  

diseases 

Cardiovascular morbidity 

and/or mortality 

p value 

Study population, n (%) 755 (77.3) 222 (22.7)  

Male, n (%) 329 (43.6) 153 (68.9) < 0.001 

Age, years (SD) 50.7 (6.0) 52.5 (5.9) < 0.001 

Current smoking, n (%) 211 (27.9) 78 (35.1) 0.003 

BMI, kg/m2 (SD) 27.3 (4.6) 28.2 (4.2) 0.006 

Waist circumference, cm (SD) 88.7 (12.9) 94.2 (11.5) < 0.001 

FPG, mmol/L (SD) 5.1 (0.9) 5.4 (1.6) 0.003 

1-h PG, mmol/L (SD) 7.4 (2.9) 8.5 (3.5) < 0.001 

2-h PG, mmol/L (SD) 6.3 (2.3) 7.0 (3.4) 0.004 

NGT, n (%) 622 (82.4) 157 (70.7) 0.002 

IFG, n (%) 16 (2.1) 9 (4.1)  

IGT, n (%) 85 (11.3) 41 (18.5)  

Screen detected diabetes, n (%) 32 (4.2) 15 (6.8)  

Total cholesterol, mmol/L (SD) 5.6 (1.0) 6.0 (1.2) < 0.001 

HDL cholesterol, mmol/L (SD) 1.4 (0.4) 1.2 (0.4) < 0.001 

LDL cholesterol, mmol/L (SD) 3.5 (0.9) 3.8 (1.0) < 0.001 

Triglycerides, mmol/L (SD) 1.4 (0.8) 1.9 (1.1) < 0.001 

Systolic blood pressure, mmHg (SD) 146 (22) 153 (21) < 0.001 

Diastolic blood pressure, mmHg (SD) 88 (12) 92 (12) < 0.001 

Hypertensive disorder, n (%) 359 (47.5) 125 (56.3) 0.022 

Physical activity, n (%) 

Heavy regular 

Regular 

No or irregular 

 

233 (31.5) 

244 (33.0) 

262 (35.5) 

 

77 (35.0) 

67 (30.5) 

76 (34.5) 

0.602 

Continuous variables are presented as mean and standard deviation (SD). Categorical variables are 

presented as counts and percentages (%). BMI, body mass index; FPG, fasting plasma glucose; 1-h PG, 

one-hour post-load glucose, 2-h PG, two-hour post-load glucose; NGT, normal glucose tolerance; IFG, 

impaired fasting glucose; IGT, impaired glucose tolerance; HDL, high-density lipoprotein; LDL, low-

density lipoprotein. Republished with permission from CC BY 4.0 license from study II © 2021 Saunajoki 

et al. 
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Table 11. Hazard ratio of cardiovascular outcomes for traditional cardiovascular risk 

factors, fasting, 1-h PG and 2-h PG. 

Variables Model I 

HR (95% Cl) 

Model II 

HR (95% Cl) 

Model III 

HR (95% Cl) 

Model IV 

HR (95% Cl) 

Age, years 1.06 (1.03–1.08) 1.06 (1.03–1.08) 1.06 (1.03–1.08) 1.05 (1.03–1.08) 

Sex 2.13 (1.53–2.97) 2.24 (1.60–3.12) 2.25 (1.61–3.13) 2.22 (1.59–3.10) 

Hypertensive disorder  1.01 (1.00–1.01) 1.01 (1.00–1.01) 1.01 (1.00–1.01) 1.01 (1.00–1.01) 

Waist circumference, cm 1.01 (1.00–1.02) 1.01 (0.99–1.02) 1.00 (0.99–1.02) 1.01 (0.99–1.02) 

Smoking status 

Never smoking 

Ex-smoker 

Current smoker 

 

 

1.11 (0.78–1.57) 

1.60 (1.16–2.20) 

 

 

1.13 (0.79–1.60) 

1.62 (1.17–2.22) 

 

 

1.11 (0.78–1.58) 

1.64 (1.19–2.25) 

 

 

1.12 (0.79–1.60) 

1.64 (1.19–2.26) 

LDL cholesterol, mmol/L 1.27 (1.101.48) 1.26 (1.081.46) 1.28 (1.101.48) 1.27 (1.091.48) 

FPG, mmol/L 

 6.0 

6.1-7.0 

≥ 7.0 

  

 

1.53 (0.95–2.47) 

1.79 (0.84–3.84) 

 

 

 

 

 

 

1-h PG, mmol/L 

< 8.6 

8.6-11.5 

≥ 11.6 

   

 

1.29 (0.94–1.79) 

 1.67 (1.10–2.53) 

 

 

 

2-h PG, mmol/L 

< 7.8 

7.8-11.0 

≥ 11.1 

    

 

1.32 (0.92–1.89) 

1.48 (0.84–2.60) 

Model I: traditional cardiovascular risk factors.  

Model II: traditional cardiovascular risk factors and FPG, LR test compared to Model I p = 0.113.  

Model III: traditional cardiovascular risk factors and 1-h PG, LR test compared to Model I p = 0.046.  

Model IV: traditional cardiovascular risk factors and 2-h PG, LR test compared to Model I p = 0.193.  

HR, hazard ratio; CI, confidence interval; LDL, low-density lipoprotein; FPG, fasting plasma glucose; 1-h 

PG, one-hour post-load glucose; 2-h PG, two-hour post-load glucose, LR test; likelihood-ratio test. 

Republished with permission from CC BY 4.0 license from study II © 2021 Saunajoki et al. 

Four hazard estimation models were constructed to compare the benefit of FPG, 1-

h PG and 2-h PG in addition to traditional cardiovascular risk factors (i.e., age, sex, 

hypertension disorder, waist circumference, smoking status, and LDL cholesterol) 

to predict cardiovascular morbidity and mortality. In the first model including 

traditional cardiovascular risk factors, male gender, current smoking, older age, 
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hypertensive disorder, and elevated LDL cholesterol were significant predictors of 

CVD endpoints. Waist circumference and ex-smoking alone did not predict the 

endpoints. When FPG (categorized as  6.0, 6.17.0 and  7.0 mmol/L) or 2-h PG 

(categorized as < 7.8, 7.811.0 and  11.1 mmol/L) was added to the first prediction 

model, the prediction of CVD outcomes was not significantly improved (LR test 

compared to Model I p = 0.113 and LR test compared to Model I p = 0.193, 

respectively). Neither FPG nor 2-h PG were independent predictors of CVD events. 

By contrast, with the addition of 1-h PG (categorized as < 8.6, 8.611.5 and  11.6 

mmol/L) to the first model, the prediction of CVD events improved (LR test 

compared to Model I p = 0.046) and 1-h PG  11.6 mmol/L was a significant risk 

factor of CVDs (HR 1.67; 95% CI 1.102.53). These results are presented in Table 

11. The discriminative ability was quite good, but comparable for all models (range 

of C index 0.695 (95% CI 0.664–0.726)  0.699 (95% CI 0.668–0.730)). According 

to IDI values, the improvement in model performance did not differ significantly 

between the first model and the other models (IDI values for the second, third and 

fourth model were 0.008 (95% CI 0.0020.034), 0.007 (95% CI 0.048–0.026) 

and 0.003 (95%CI 0.022–0.017), respectively (Table 11).  

Table 12. Prediction of cardiovascular events and mortality with FPG, 1-h PG and 2-h 

PG. 

Variables 1-h PG < 8.6 mmol/L  1-h PG 8.6 

11.5 mmol/L 

 1-h PG  11.6 mmol/L 

 All, n (%) CVD 

endpoint,  

n (%) 

 All, n (%) CVD 

endpoint, 

n (%) 

 All, n (%) CVD 

endpoint,  

n (%) 

NGT, n (%) 637 (81.8) 122 (19.2)  129 (16.6) 33 (25.6)  13 (1.7) 2 (15.4) 

FPG ≥ 6.1 mmol/L, n (%) 5 (19.2) 1 (20.0)  17 (65.4) 7 (41.2)  4 (15.4) 2 (50.0) 

2-h PG ≥ 7.8 mmol/L, n (%) 26 (21.7) 5 (19.2)  61 (50.8) 18 (29.5)  33 (27.5) 13 (39.4) 

FPG ≥ 6.1 mmol/L and 

2-h PG ≥ 7.8 mmol/L, n (%) 

2 (3.8) 1 (50.0)  9 (17.3) 3 (33.3)  41 (78.8) 15 (36.6) 

NGT, normal glucose tolerance; FPG, fasting plasma glucose; 1-h PG, one-hour post-load glucose; 2-h 

PG, two-hour post-load glucose; CVD, cardiovascular disease. Republished with permission from CC BY 

4.0 license from study II © 2021 Saunajoki et al. 
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As mentioned earlier, 222 CVD events occurred during the follow-up period. In the 

further analyses, the benefit of 1-h PG in addition to FPG and 2-h PG to predict 

CVD endpoints was evaluated. Two-hour OGTT including FPG (≥ 6.1 mmol/L), 

and 2-h PG (≥ 7.8 mmol/L) found 65 out of 222 (65/222 = 29.3%, 95% CI 23.3%–

35.3%) participants with CVD endpoint. Furthermore, 1-h PG (≥ 8.6 mmol/L) 

found 35 other CVD endpoints among NGT subjects based on FPG (< 6.1 mmol/L) 

and 2-h PG (< 7.8 mmol/L), which was statistically significantly more than without 

using 1-h PG (100/222 = 45.0%, 95% CI 38.5%–51.6%, p < 0.001). Elevated 2-h 

PG (≥ 7.8 mmol/L) alone found only five (5/100 = 5.0%) CVD endpoints among 

100 participants with normal FPG (< 6.1 mmol/L) and 1-h PG (< 8.6 mmol/L). 

These findings are illustrated in Table 12.  

5.1.3 Association with retinopathy signs (III) 

Among 1,809 participants with ophthalmic and OGTT data available and without 

previously diagnosed T2D or current use of blood pressure lowering drugs, 1,783 

(98.6%) had no signs of retinopathy and 26 (1.4%) had mild retinopathy. More 

advanced stage of retinopathy  moderate or severe retinopathy  was not observed 

among any participants. In the subjects with retinopathy signs, FPG, post-load glucose 

values, 2-h serum insulin, systolic blood pressure and triglycerides were significantly 

higher and HDL cholesterol significantly lower than in those without retinopathy signs. 

No significant difference was detected in BMI, smoking status, HbA1c, diastolic blood 

pressure, fasting insulin, 30-min serum insulin, 1-h serum insulin, HOMA2-IR, 

Matsuda Index, total cholesterol, LDL cholesterol, retinal arteriolar diameter, 

retinal venular diameter and arteriolar-to-venular ratio between the groups. 

Furthermore, retinopathy signs were not more common in men than in women. Table 

13 presents the clinical characteristics of study participants with and without 

retinopathy. Figure 10 shows that participants with elevated plasma glucose 

concentrations at 0, 30, 60 and 120 min after glucose intake were more likely to have 

retinopathy sings.  
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Table 13. Clinical characteristics of study participants with and without retinopathy. 

Variables No signs of 

retinopathy 

Mild or worse 

retinopathy 

p value 

Study population, n (%) 1,783 (98.6) 26 (1.4)  

Male, n (%) 718 (40.3) 15 (57.7) 0.072 

Current smoker, n (%) 241 (13.9) 4 (16.7) 0.698 

BMI, kg/m2 (SD) 26.3 (4.4) 28.1 (6.8) 0.165 

FPG, mmol/L (SD) 5.4 (0.5) 5.6 (0.4) 0.021 

30-min PG, mmol/L (SD) 8.0 (1.6) 8.8 (1.4) 0.006 

1-h PG, mmol/L (SD) 7.2 (2.3) 8.6 (2.5) 0.005 

2-h PG, mmol/L (SD) 5.8 (1.6) 6.5 (1.4) 0.006 

HbA1c, mmol/mol (SD) 36.0 (4.0) 37.4 (4.3) 0.112 

HbA1c, % (SD) 5.4 (0.35) 5.6 (0.4) 0.112 

Screen detected type 2 diabetes, n (%) 30 (1.7) 0 (0) 0.505 

Fasting insulin, μU/mL (SD) 9.4 (8.9) 11.3 (12.4) 0.540 

30-min serum insulin, μU/mL (SD) 71.2 (48.8) 70.5 (39.3) 0.675 

1-h serum insulin, μU/mL (SD) 79.1 (59.7) 101.9 (97.2) 0.156 

2-h serum insulin, μU/mL (SD) 57.0 (51.7) 93.0 (94.9) 0.028 

HOMA2-IR 1.2 (0.73) 1.3 (0.8) 0.237 

Matsuda Index 5.42 (3.08) 3.75 (2.75) 0.185 

Total cholesterol, mmol/L (SD) 5.31 (0.90) 5.45 (0.94) 0.521 

HDL cholesterol, mmol/L (SD) 1.58 (0.38) 1.41 (0.40) 0.017 

LDL cholesterol, mmol/L (SD) 3.42 (0.91) 3.57 (0.80) 0.376 

Triglyceride, mmol/L (SD) 1.17 (0.77) 1.48 (0.79) 0.006 

Systolic blood pressure, mmHg (SD) 121.3 (15.1) 129.2 (20.1) 0.047 

Diastolic blood pressure, mmHg (SD) 82.5 (10.2) 87.8 (14.5) 0.101 

Retinal arteriolar diameter, m (SD) 141.5 (14.1) 146.4 (13.4) 0.073 

Retinal venular diameter, m (SD) 218.3 (19.2) 222.8 (20.0) 0.104 

Arteriolar-to-venular ratio 0.65 (0.06) 0.66 (0.06) 0.322 

Continuous variables are presented as mean and standard deviation (SD). Categorical variables are 

presented as counts and percentages (%). BMI, body mass index; FPG, fasting plasma glucose; 30-min 

PG, 30-minute post-load glucose; 1-h PG, one-hour post-load glucose; 2-h PG, two-hour post-load 

glucose; HbA1c, glycated hemoglobin A1c; HOMA2-IR, homeostatic model assessment for insulin 

resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein. Republished with permission from 

CC BY 4.0 license from study III © 2020 Saunajoki et al. 
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Fig. 10. Change in plasma glucose levels (mmol/L) during the oral glucose tolerance 

test (OGTT) among the participants with and without retinopathy. Republished with 

permission from CC BY 4.0 license from study III © 2020 Saunajoki et al. 

The association of retinopathy signs with glucose measurements, insulin measurements 

and systolic blood pressure is presented in Table 14. The presence of retinopathy was 

significantly associated with elevated FPG (OR 1.79; 95% Cl 1.00–3.21, p < 0.05), 30-

min PG (OR 1.38; 95% Cl 1.10–1.74, p < 0.01), 1-h PG (OR 1.24; 95% Cl 1.08–1.43, 

p < 0.01), and 2-h PG in an OGTT (OR 1.22; 95% Cl 1.03–1.43, p < 0.05). Furthermore, 

higher systolic blood pressure (OR 1.03; 95% Cl 1.01–1.05, p < 0.01) and 2-h insulin 

(OR 1.007; 95% Cl 1.001–1.011, p < 0.01) were also associated with retinopathy. 

However, there were no significant associations between retinopathy and fasting insulin, 

30-min insulin, 1-h insulin, HOMA2-1R, Matsuda Index and HbA1c. After adjusting 

for systolic blood pressure, elevated 30-min PG (OR 1.31; 95% CI 1.03–1.66, p < 0.05), 

1-h PG (OR 1.20; 95% CI 1.03–1.39, p < 0.05) and 2-h insulin (OR 1.006; 95% CI 

1.001–1.010, p < 0.05) remained statistically significantly associated with retinopathy 

signs (Table 14). 
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Table 14. Association of retinopathy with glucose measurements, insulin 

measurements and systolic blood pressure. 

Variables Crude 
 

Model I  
OR (95% CI)  p value   OR (95% CI) p value 

FPG 1.79 (1.003.21) 0.050 
 

1.53 (0.812.89) 0.189 

30-min PG 1.38 (1.101.74) 0.006 
 

1.31 (1.031.66) 0.029 

1-h PG 1.24 (1.081.43) 0.002 
 

1.20 (1.031.39) 0.017 

2-h PG 1.22 (1.031.43) 0.021 
 

1.17 (0.971.40) 0.098 

HbA1c 1.09 (1.001.19) 0.065  1.07 (0.981.17) 0.143 

Fasting insulin 1.01 (0.991.04) 0.289 
 

1.01 (0.981.04) 0.515 

30-min insulin 1.00 (0.991.01) 0.944 
 

1.00 (0.991.01) 0.660 

1-h insulin 1.005 (1.001.009) 0.059 
 

1.003 (0.9981.008) 0.196 

2-h insulin 1.007 (1.0011.011) 0.001 
 

1.006 (1.0011.010) 0.014 

HOMA2-IR 1.25 (0.791.98) 0.351  1.09 (0.661.92) 0.737 

Matsuda Index 0.91 (0.781.06) 0.211  0.95 (0.821.11) 0.541 

Systolic blood pressure 1.03 (1.011.05) 0.009 
 

- - 

Model I is adjusted for systolic blood pressure. FPG, fasting plasma glucose; 30-min PG, 30-minute post-

load glucose; 1-h PG, one-hour post-load glucose; 2-h PG, two-hour post-load glucose; HbA1c, glycated 

hemoglobin A1c; HOMA2-IR, homeostatic model assessment for insulin resistance; OR, odds ratio; CI, 

confidence interval. Republished with permission from CC BY 4.0 license from study III © 2020 Saunajoki et 

al. 

5.1.4 Association with albuminuria (IV) 

Of 496 participants, 51 (10.3%) had albuminuria with significantly higher mean 

values of 1-h PG, 2-h PG, systolic blood pressure and age than participants without 

albuminuria (p < 0.05 for all comparisons). However, there was no significant 

difference in BMI, waist circumference, FPG, HbA1c, diastolic blood pressure and 

plasma cholesterol measurements between the participants with and without 

albuminuria. Furthermore, participants were classified into three categories 

according to the results of FPG (categorized as ≤ 6.0, 6.1–7.0 and ≥ 7.0 mmol/L), 

1-h PG (categorized as < 8.6, 8.6–11.5 and ≥ 11.6 mmol/L), 2-h PG (categorized as 

< 7.8, 7.811.0 and ≥ 11.1 mmol/L) and HbA1c (categorized as < 42.0 mmol/mol 

(6.0%), 42.047.0 mmol/mol (6.06.4%) and ≥ 48 mmol/mol (6.5%)): 

normoglycemia, prediabetes and T2D. Significantly higher prevalence of 
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albuminuria was seen among participants with an increased 1-h PG (p < 0.05), but 

no such association was detected in FPG, 2-h PG, or HbA1c levels. The clinical 

characteristics of study population with and without albuminuria are presented in 

Table 15. 

ROC analysis showed that FPG (AUC 0.55; 95% CI 0.460.64), 1-h PG (AUC 

0.62; 95% CI 0.550.69) and 2-h PG (AUC 0.62; 95% CI 0.540.70) have similar 

ability in identifying albuminuria, and the optimal cut-off points were 5.9 mmol/L, 

8.7 mmol/L and 7.3 mmol/L, respectively. These threshold values were used to 

assess whether 1-h OGTT combined with FPG and 1-h PG and 2-h OGTT 

combined with FPG, 1-h PG and 2-h PG differed in their abilities to detect 

albuminuria. The AUC for the 1-h OGTT was 0.62 (95% CI 0.540.69), and 

addition of 2-h PG to this model did not increase the AUC statistically significantly 

(AUC 0.63; 95% CI 0.560.71, p = 0.21).  

Logistic regression analysis was used to examine the association of 

albuminuria with the glucose measurements, separately with FPG (categorized as 

≤6.0, 6.1–6.9 and ≥7.0 mmol/L), 1-h PG (categorized as < 8.6, 8.6–11.5 and ≥ 11.6 

mmol/L), and 2-h PG (categorized as < 7.8, 7.811.0 and ≥ 11.1 mmol/L). The 

results are illustrated in Figure 11. The ORs with 95% CI were calculated and the 

analyses were adjusted with the variables that were statistically significant in t-test 

and chi-square test (Table 15). An elevated 1-h PG with cut-off points of 8.6–11.5 

mmol/L and ≥ 11.6 mmol/L was associated with albuminuria (OR 3.60; 95% CI 

1.707.64 and OR 3.05; 95% CI 1.297.23, respectively), whereas elevated FPG 

and 2-h PG levels had non-significant estimated ORs. After adjusting for blood 

pressure (categorized as < 140/90 and ≥ 140 and/or 90 mmHg) and age, the 

association of elevated 1-h PG with albuminuria remained significant for 

prediabetes (OR 2.98; 95% CI 1.396.39) and for diabetes (OR 2.69; 95% CI 

1.126.47). The unadjusted association between elevated blood pressure and 

albuminuria was significant (OR 2.23; 95% CI 1.114.46), but the association 

disappeared after adjustment for 1-h PG and age (Fig. 11).  

Table 15. Clinical characteristic of study population with and without albuminuria. 

Variables U-Alb/Crea < 3.0 U-Alb/Crea ≥ 3.0 p value 

Study population, n (%) 445 (89.7) 51 (10.3)  

Male, n (%) 186 (41.8) 26 (51.0) 0.209 

Age, years (SD) 71.8 (6.2) 75.4 (6.4) < 0.001 

BMI, kg/m2 (SD) 26.9 (4.2) 27.5 (5.4) 0.444 
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Variables U-Alb/Crea < 3.0 U-Alb/Crea ≥ 3.0 p value 

Waist circumference, cm (SD) 

Men, cm (SD) 

Women, cm (SD) 

92.7 (11.9) 

97.3 (10.7) 

89.4 (11.6) 

94.1 (13.6) 

97.7 (13.6) 

90.4 (12.7) 

0.424 

0.870 

0.693 

FPG, mmol/L  

Mean (SD) 

≤ 6.0, n (%) 

6.16.9, n (%) 

≥ 7.0, n (%) 

 

5.8 (0.6) 

303 (68.1) 

129 (29.0) 

13 (2.9) 

 

6.0 (1.0) 

33 (64.7) 

14 (27.5) 

4 (7.8) 

 

0.108 

0.187 

1-h PG, mmol/L  

Mean (SD) 

< 8.6, n (%) 

8.611.5, n (%) 

≥ 11.6, n (%) 

 

9.0 (2.7) 

202 (45.4) 

157 (35.3) 

86 (19.3) 

 

10.3 (2.9) 

10 (19.6) 

28 (54.9) 

13 (25.5) 

 

0.001 

0.002 

2-h PG, mmol/L  

Mean (SD) 

< 7.8, n (%) 

7.811.0, n (%) 

≥ 11.1, n (%) 

 

7.3 (2.3) 

296 (66.5) 

116 (26.1) 

33 (7.4) 

 

8.5 (3.5) 

27 (52.9) 

17 (33.3) 

7 (13.7) 

 

0.015 

0.108 

HbA1c, mmol/mol (SD) 

Mean (SD)  

< 42.0 (6.0%), n (%) 

42.047.0 (6.06.4%), n (%) 

≥ 48.0 (6.5%), n (%) 

 

40.7 (5.0) 

255 (57.3) 

156 (35.1) 

34 (7.6) 

 

42.0 (6.3) 

21 (41.2) 

24 (47.1) 

6 (11.8) 

 

0.074 

0.085 

Systolic blood pressure, mmHg (SD) 146 (21) 155 (25) 0.005 

Diastolic blood pressure, mmHg (SD) 83 (10) 85 (12) 0.260 

Hypertension 

< 140/90 mmHg, n (%) 

≥ 140 and/or 90 mmHg, n (%) 

 

169 (38.0) 

276 (62.0) 

 

11 (21.6) 

40 (78.4) 

0.021 

 

Plasma total cholesterol, mmol/L (SD) 4.9 (1.0) 4.8 (1.0) 0.411 

Plasma HDL cholesterol, mmol/L (SD) 1.5 (0.4) 1.4 (0.4) 0.116 

Plasma LDL cholesterol, mmol/L (SD) 3.1 (0.9) 3.1 (1.0) 0.947 

Plasma triglycerides, mmol/L (SD) 1.2 (0.5) 1.2 (0.7) 0.504 

Continuous variables are presented as mean and standard deviation (SD). Categorical variables are 

presented as counts and percentages (%). U-Alb/Crea, urinary albumin-creatinine-ratio; BMI, body mass 

index; FPG, fasting plasma glucose; 1-h PG, one-hour post-load glucose; 2-h PG, two-hour post-load 

glucose; HbA1c, glycated hemoglobin A1c; HDL, high-density lipoprotein; LDL, low-density lipoprotein. 

Republished with permission from CC BY 4.0 license from study IV © 2022 Saunajoki et al. 
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5.2 Summary of the main results 

The main objectives and main results of studies IIV are summarized in Table 16. 

Table 16. Summary of the main objectives and key findings of the studies IIV. 

Study Main objectives   Main results 

I  

 

To evaluate the predictive ability 

of 2-h PG level in addition to 

FPG and 1-h PG levels in 

predicting T2D 

 The 2-h PG in the prediction model with FPG and 1-h 

PG did not significantly improve the predictability of T2D 

compared to a model including FPG and 1-h PG (AUC 

0.83 vs. AUC 0.82, respectively; p = 0.23). The 1-h PG 

predicted T2D more accurately (AUC 0.81) than FPG 

(AUC 0.71; p < 0.01) or 2-h PG (AUC 0.72; p = 0.01). 

 

II  

 

To estimate the ability of FPG, 

1-h, and 2-h PG to predict CVD 

outcomes alone and in the 

prediction models with other 

CVD risk factors 

 During a median follow-up of 20 years, 222 (22.7%) 

participants developed CVD events which was predicted 

by 1-h PG (HR 1.67; 95%CI 1.10–2.53), but not FPG or 

2-h PG. Only 1-h PG improved the prediction model 

including other traditional CVD risk factors (LR test p < 

0.05).  

 

III  

 

To compare the association of 

retinopathy, based on fundus 

photography, with FPG, 30-min 

PG, 1-h PG, and 2-h PG in an 

OGTT 

 The prevalence of retinopathy was 1.4% (26/1,809) and 

it was associated with elevated 30-min PG, 1-h PG, and 

2-h PG levels in an OGTT. After adjustment with systolic 

blood pressure, only 30-min PG and 1-h PG levels were 

independently associated with retinopathy signs.  

 

IV  To compare the association of 

albuminuria with FPG, 1-h PG 

and 2-h PG in an OGTT 

 The prevalence of albuminuria was 10.3% (51/496). 

Prediabetic (8.611.5 mmol/L) and diabetic (≥ 11.6 

mmol/L) 1-h PG were associated with albuminuria, while 

FPG and 2-h PG were not. The estimated ORs were 

approximately three-fold among participants with 

prediabetic or diabetic 1-h PG in both unadjusted and 

adjusted models including blood pressure and age. 

T2D, type 2 diabetes; FPG, fasting plasma glucose; 30-min PG, 30-minute post-load glucose; 1-h PG, 

one-hour post-load glucose; 2-h PG, two-hour post-load glucose; OGTT, oral glucose tolerance test, 

CVD, cardiovascular disease; AUC, area under the curve; HR, hazard ratio; LR test; likelihood-ratio test; 

OR, odds ratio.  



 

77 

6 Discussion 

6.1 One-hour post-load glucose and prediction of type 2 diabetes 

(I) 

The aim of study I was to evaluate whether 2-h PG provides any additional benefit 

in the model including FPG and 1-h PG levels in the prediction of future T2D. 

Study I also compared the ability of FPG, 1-h PG and 2-h PG to predict T2D, 

including sex differences in the evaluations. The results revealed that a shortened 

1-h OGTT (containing FPG and 1-h PG) is as effective a tool as a 2-h OGTT 

(containing FPG, 1-h PG and 2-h PG) to predict T2D. FPG and 1-h PG jointly 

found about 87% of the study participants who developed T2D during the 12-year 

follow-up time. Furthermore, the 1-h PG had the greatest predictive ability 

compared to the FPG and 2-h PG, and no statistically significant sex-specific 

differences were observed in the optimal cut-off points for glucose measurements.  

There is consistent evidence that the 1-h PG is a better marker than FPG or 2-

h PG to predict new onset T2D, and study I supported these findings (Abdul-Ghani 

et al., 2007, 2009, 2011; Alyass et al., 2015; Bergman, Chetrit, Roth, Jagannathan, 

et al., 2016; Kuang et al., 2015; Oh et al., 2017; Oka et al., 2016; Paddock et al., 

2017; Pareek et al., 2018; Peddinti et al., 2019; Rong et al., 2021; Sai Prasanna et 

al., 2017). Abdul-Ghani et al. (Abdul-Ghani et al., 2007, 2008) suggested and other 

recent studies (Bergman, Chetrit, Roth, Jagannathan, et al., 2016; Pareek et al., 

2018) have confirmed that the optimal cut-off point of 1-h PG level is 8.6 mmol/L 

to predict future T2D. Most of the previous studies included both genders but did 

not provide optimal thresholds separately for men and women. This study found 

that the threshold of 8.9 mmol/L was optimal for both genders, 8.9 mmol/L for men 

and 8.6 mmol/L for women. The cut-off points found were consistent with the 

previously detected thresholds without any significant sex-specific differences. 

Moreover, this study provided evidence for the predictability of 1-h PG among 

participants above 57 years of age. To date, most previous studies have been 

conducted within middle-aged populations under 50 years of age (BOTNIA Study, 

mean age of the participants = 46 years; Malmö Preventive Project = 48 years; 

Southwestern Native American = 25 years; Israel GOH Study = 48 years) (Alyass 

et al., 2015; Bergman, Chetrit, Roth, Jagannathan, et al., 2016; Paddock et al., 2017; 

Pareek et al., 2018). Recently, one study conducted by Rong et al. included also 
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elderly subjects (median age of the participants = 73 years) in their evaluations; 

however, their population consisted only of Chinese men (Rong et al., 2021).   
The existing studies have considered whether a shortened 1-h OGTT should 

replace standard 2-h OGTT to identify participants at high risk for T2D. According 

to the findings in this study I, the predictive power of 2-h PG levels as a continuous 

variable in addition to FPG and 1-h PG was not significant. Our findings are 

concordant with earlier studies. In a study of Southwestern Native Americans, the 

combination of FPG and 2-h PG had similar ability to predict T2D as the 

combination of FPG and 1-h PG (Paddock et al., 2017). Similarly, in the Botnia 

prospective study, combining FPG, 30-min PG, 1-h PG, and 2-PG values did not 

improve the predictability of T2D beyond 1-h PG alone (Peddinti et al., 2019). In 

this study, after evaluation with the determined cut-off points, only 8.4% of 

individuals were found to be at increased risk for T2D with 2-h PG, but not with 

FPG or 1-h PG. Thus, the importance of the 2-h PG level in the identification of 

individuals with high T2D risk was relatively low. Approximately 67% of the 

participants who were identified only by the 2-h PG to be at risk of developing T2D 

were women. A previous study has found that women tend to have more commonly 

isolated IGT, which may partly explain the results (DECODE Study Group, 2003b). 

However, it should be noted that the present study assessed a limited number of 

participants in this subgroup analysis.  

6.2 One-hour post-load glucose and diabetic complications (IIIV) 

6.2.1 Macrovascular complications (II) 

In study II, the main aim was to compare the benefit of FPG, 1-h PG and 2-h PG in 

addition to conventional cardiovascular risk factors in predicting CVD outcomes. 

The results showed that 1-h PG was an independent and superior predictor of 

cardiovascular morbidity and mortality compared to FPG or 2-h PG levels. 

Furthermore, 1-h PG  8.6 mmol/L found slightly over 50% more CVD endpoints 

that were not identified by elevated FPG or 2-h PG levels. Finally, in the prognostic 

models with other CVD risk factors (age, sex, hypertensive disorder, waist 

circumference, smoking status, LDL cholesterol), the addition of 1-h PG, but not 

FPG or 2-h PG, improved the predictability of CVD events. 

The findings of previous studies have underlined the significance of isolated 

postprandial hyperglycemia to predict cardiovascular diseases and all-cause 
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mortality (DECODE Study Group, 1999a, 2003a). Similar findings were revealed 

in study II, and of glucose measurements, 1-h PG was the most powerful predictor 

of CVD outcomes. In accordance with these findings, another study showed 

that the 1-h PG was an independent predictor of CVD events alone and in the 

clinical prediction model after adjusting for other cardiovascular risk factors (age, 

active smoking, BMI, systolic blood pressure, total cholesterol, triglycerides, 

creatinine) during 27 years of follow-up (Nielsen et al., 2018). Their population 

included only middle-aged men and thus they were unable to generalize the 

findings to other age groups or to women. Furthermore, the contradictory finding 

needs to be discussed. The Finnish Diabetes Prevention Study with IGT subjects 

observed the predictability of 1-h PG and 2-h PG levels with CVD events among 

participants with IGT, but only 2-h PG remained an independent risk factor in their 

pairwise comparisons during a median follow-up of 9 years (Lind et al., 2014). The 

variations in the follow-up times and in the baseline glucose status of study 

participants as well as the rather small study population with only 34 CVD events 

in the Finnish Diabetes Prevention study may partly explain the contrary results.  

Previous studies have assessed the ability of elevated 1-h PG to predict CVD 

morbidity or mortality (Meisinger et al., 2006; Nielsen et al., 2018; Orencia et al., 

1997; Pareek et al., 2018; Strandberg et al., 2011). It is believed that this was the 

first study where 1-h PG was classified according to the previously suggested cut-

off points of 8.6 mmol/L for prediabetes and 11.6 mmol/L for T2D into three 

categories: normoglycemia, prediabetes and T2D. This study including both 

genders as well as conventional cardiovascular risk factors gave important 

information of the predictability of 1-h PG in this context. Furthermore, the present 

findings indicate that subjects with high risk of developing CVD events could be 

recognized by elevated 1-h PG even before they have elevated FPG or 2-h PG.  

6.2.2 Microvascular complications (III, IV) 

In studies III and IV, the association of glucose measurements with microvascular 

complications was examined, and three main findings emerged. Firstly, in study III, 

the retinopathy signs were associated with 30-min PG and 1-h PG, but not FPG, 2-

h PG or HbA1c levels, after systolic blood pressure adjustment. Secondly, study IV 

found that prediabetic (8.611.5 mmol/L) and diabetic (≥ 11.6 mmol/L) 1-h PG 

associated with albuminuria while elevated FPG, 2-h PG and HbA1c did not. 

Thirdly, the estimated ORs to detect albuminuria were approximately three-fold 

among participants with prediabetic or diabetic 1-h PG in both unadjusted and 
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adjusted models including blood pressure and age. According to these findings, in 

both studies, 1-h PG seems to be useful in detecting individuals with microvascular 

complications.  

Study III showed new findings of the independent association between non-

diabetic retinopathy signs and 30-min PG, 1-h PG, and 2-h insulin levels. The 

usefulness of elevated 1-h PG to detect retinopathy was previously found in a 

population-based study of American Indians, but the retinopathy signs were 

determined using direct ophthalmoscopy (Paddock et al., 2018). Other studies have 

also assessed the association of glucose measurements and non-diabetic 

retinopathy signs determining retinopathy using fundus photography, but they did 

not include 1-h PG in their evaluations (Gunnlaugsdottir et al., 2012; Rajala et al., 

1998). Furthermore, previous study suggested that insulin resistance may be an early 

driver of retinopathy signs in non-diabetic population (Bao et al., 2020). In study III, 

the retinopathy signs were independently associated with elevated 2-h insulin level in 

an OGTT; however, insulin resistance indicators (HOMA2-IR and Matsuda Index) 

remained unsignificant. The low retinopathy prevalence (26 patients) may provide a 

partial explanation for the contradictory findings.  
As mentioned in the previous section, in this study, the prevalence of non-

diabetic retinopathy signs was relatively low, 1.4%. In earlier studies, the reported 

prevalence of non-diabetic retinal lesions has varied widely, from < 1% to 17.2% 

(Diabetes Prevention Program Research Group, 2007; Leibowitz et al., 1980; 

Ojaimi et al., 2011; Rajala et al., 1998). The prevalence of retinopathy signs was 

the lowest (0.8%) in the Framingham study and the highest (17.2%) in the Multi-

Ethnic Study of Atherosclerosis among the Chinese population (Leibowitz et al., 

1980; Ojaimi et al., 2011). In the Framingham study, the retinopathy signs were 

evaluated by direct ophthalmoscopy which may leave some mild retinal 

abnormalities undiagnosed (Leibowitz et al., 1980). Compared to study III, in most 

prior studies T2D was excluded using FPG alone, possibly resulting in 

misclassification of T2D. However, in the DPP study, they also repeated the OGTT 

during the follow-up time to ensure that the participants were correctly classified 

as non-diabetic at baseline (Diabetes Prevention Program Research Group, 2007). 

Due to the profound methodological differences and the diverse study populations, 

it is problematic to compare the results of this present study with those of previous 

investigations.  

Non-diabetic retinopathy signs have been observed to be common, especially 

in those with hypertension (Bhargava et al., 2014; Ojaimi et al., 2011). Study III 

included a few subjects with uncontrolled blood pressure based on a single day of 
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measurement. However, after adjustment for systolic blood pressure, the potential 

effect of untreated blood pressure on the results was diminished. Furthermore, 

earlier studies have reported that narrower retinal arteriolar diameter and wider 

venular diameter associate with the development of hypertension (Ikram et al., 

2006; Kawasaki et al., 2009). In this study, the retinopathy group did not have 

significant differences in arteriolar or venular calibers or macular OCTs compared 

with the non-retinopathy group, indicating that the retinopathy signs were probably 

not caused by hypertension.  

Study IV established a significant and independent association between 

prediabetic ( 8.6 mmol/L) and diabetic 1-h PG ( 11.6 mmol/L) and albuminuria. 

A few earlier studies have reported that 1-h PG associates with albuminuria as well 

as kidney involvement. One study stated that NGT subjects with elevated 1-h PG 

had significantly higher levels of microalbuminuria determined by a 24-hour urine 

collection compared with participants with NGT and low 1-h PG (Haverals et al., 

2019), confirming the findings of study IV. Furthermore, elevated 1-h PG has been 

associated with a lower GFR indicating a 2.61-fold (95% CI 1.01 to 6.77) risk for 

diminished GFR compared with participants with normal 1-h PG (Succurro et al., 

2010). Compared to previous findings, this study provided novel information of the 

capability of prediabetic and diabetic 1-h PG to detect albuminuria. Unfortunately, data 

on renal function was not available in the present study.  

In study IV, elevated FPG, 2-h PG or HbA1c did not independently associate 

with significant albuminuria. The existing studies evaluating the association of FPG, 

2-h PG and HbA1c with albuminuria have stated partly controversial findings. In 

Chinese population, HbA1c, but not FPG or 2-h PG, was associated with low-grade 

albuminuria (X. Huang et al., 2015). Conversely, another study in Japanese population 

found that subjects with IFG had significantly higher risk for albuminuria than those 

defined as prediabetic using HbA1c alone; however, they did not include 2-h PG in 

their evaluations (Sato et al., 2012).  

In this study, when comparing the first model of FPG and 1-h PG with the second 

model of FPG, 1-h PG and 2-h PG, the addition of 2-h PG did not improve the first 

model’s ability to detect albuminuria. The optimal cut-off points for detecting 

albuminuria were close to the current WHO diagnostic criteria of prediabetes, being 

5.9 mmol/L for FPG and 7.3 mmol/L for 2-h PG (Alberti & Zimmet, 1998). 

Importantly, the determined cut-off point for 1-h PG was 8.7 mmol/L, which is also 

congruent with the previously recommended threshold value of 8.6 mmol/L to 

detect participants at high risk of T2D (Abdul-Ghani et al., 2007). 
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6.3 Strengths and limitations of the study 

The strength of this study is the use of four heterogenous population samples from 

both urban and rural areas. These population-based studies contain people of 

varying ages with a variety of medical histories and backgrounds. Thus, the study 

populations of this thesis represent well the Finnish population, ensuring the quality 

of the reported findings. Detailed information of the study subjects’ general health 

increased the accuracy of the results as the effect of possible confounders could be 

carefully considered.  

The strength of study I was that the diagnosis of new-onset T2D was based on 

the 2-h OGTT conducted in the follow-up survey and not solely on questionnaires 

or single glucose determinations. Furthermore, unclear diagnoses of T2D were 

confirmed by a repeat OGTT. Some earlier studies have, however, retrieved T2D 

diagnoses from national or local registers or using single glucose determination, 

potentially underestimating the incidence of T2D during the follow-up periods 

(Alyass et al., 2015; Pareek et al., 2018). In study II, the information of 

cardiovascular morbidity and mortality was obtained from the Finnish Causes-of-

Death Register and the Hospital Discharge Register. The coverage of the cause of 

death statistics is practically 100% because the reporting is controlled by Finnish 

law. According to a systematic review, the quality of the Finnish Hospital Discharge 

Register was verified reliably with high coverage of CVDs varying from 88% to 

98% (Sund, 2012). Furthermore, longitudinal data in studies I and II allowed 

investigating the development of T2D and CVD outcomes over a relatively long 

period of time. One of the strengths of the present thesis in study III was the use of 

standardized retinopathy grading with golden standard protocols and macular 

OCTs, supporting the validity of retinopathy findings. A recent study, which also 

investigated the association between 1-h PG and retinopathy, used direct 

ophthalmoscopy to detect retinopathy signs, which is suggested to be a less 

sensitive method than retinal photography (Paddock et al., 2018). 

Some limitations of the thesis should be noted. The definition of T2D has 

changed over the past decades. Therefore, the evaluations of the ability of HbA1c 

compared to FPG, 1-h PG and 2-h PG to predict T2D and CVDs were missing in 

studies I and II. Furthermore, the cross-sectional studies III and IV did not give any 

information on the causality between abnormal glucose metabolism and 

microvascular complications. There are also some limitations regarding the sample 

size of study subjects in certain subgroups, which limited the capacity for further 

analyses. Moreover, in study IV, only one urine albumin-creatinine ratio specimen 
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was taken from the participants. Even though a single urinary measurement is 

typical of epidemiological studies, it might overestimate the prevalence of 

albuminuria. Unfortunately, data on renal function in study IV and family history of 

T2D in study I were not available in this thesis.  

6.4 Clinical significance and future perspectives 

The main purpose of identifying people at high risk of T2D is to reduce the risk of 

developing T2D and diabetes-associated complications. At the early phase of 

impaired glucose regulation, the -cell function is potentially more intact and 

preventive interventions more powerful. However, a significant proportion of 

people are demonstrated to have diabetes-related complications at the time of the 

diagnosis (J. An et al., 2021). The introduction of HbA1c as a diagnostic tool for 

prediabetes and T2D has led to a reduction in the number of OGTTs performed in 

routine clinical practice. However, there is a consistent and robust evidence stating 

that OGTT is important in identifying individuals at high-risk of T2D as well as 

diabetes-related complications (Danaei et al., 2015; DECODE Study Group, 1999b, 

2001). The use of 2-h OGTT is limited by the prolonged testing and waiting period. 

The main finding of the present study was the superiority of 1-h PG over FPG and 

2-h PG to predict new-onset T2D and cardiovascular events as well as its 

independent association with retinopathy signs and albuminuria, which was not 

seen in FPG, 2-h PG and HbA1c. These results strengthened the notion of the 

predictive value of 1-h PG and provided novel information of its relationship with 

diabetes-related complications. According to the present study, together with 

previous findings, it is reasonable to consider the use of 1-h PG in clinical practice. 

In addition, shortening the OGTT from 2 hours to 1 hour may likely to lower health 

care costs and provide more patient comfort over time. The shortened 1-h OGTT 

may also improve the accessibility of the OGTT in practice.  

There are some issues that may need to be addressed in the future when 

considering the clinical usefulness of 1-h PG in the OGTT. Prospective, large-scale 

studies including different populations are needed to evaluate the ability of 1-h PG 

to predict the incidence of retinopathy and albuminuria. These results may provide 

more information on whether the previously determined threshold of 11.6 mmol/L 

for 1-h PG to diagnose T2D is valuable in detecting microvascular complications. 

In addition, more studies are required to determine when the screening of retinopathy 

and albuminuria among subjects with elevated 1-h PG ( 8.6 mmol/L) is appropriate. 

Furthermore, although there was an independent correlation between 1-h PG and 
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cardiovascular events in addition to conventional cardiovascular risk factors in 

study II, further studies are required to evaluate whether the improvement was 

clinically meaningful. In addition, economic evaluations of the use of 1-h PG as a 

screening tool are very limited. So far, only one study has simulated the benefits 

that may be achieved from the use of 1-h PG, including improvement in quality of 

life, significant cost-savings, and increased life expectancy (Alyass et al., 2015). 

To summarize, large interventional studies that provide information of the long-

term clinical implications and cost-effectiveness of using 1-h PG are warranted 

before the observed findings are translated into health care recommendations.  

A recently published thesis addressed the effect of body anthropometrics such 

as height and BMI on the reliability of the standard 2-h OGTT. The results revealed 

that up to the BMI of 35 kg/m2, taller people are more likely to be underdiagnosed 

and shorter people over diagnosed by using OGTT. In conclusion, the study 

suggested abandoning the OGTT due to its questionable clinical importance (S. 

Rehunen, 2021). Therefore, it would be recommendable to evaluate whether 1-h 

PG is a more suitable screening and diagnostic method than 2-h PG in this context. 

Another interesting future perspective could be the use of 30-min PG instead 

of 1-h PG. Less is known about the association of 30-min PG with T2D and its 

related complications. Peddinti et al. found that the 1-h PG was the best predictor 

of incident T2D (AUC 0.75) followed by the 30-min PG (AUC 0.71) based on ROC 

analyses. However, none of the glucose combinations, including the 30-min PG, 

improved the predictability of T2D beyond the 1-h PG alone (Peddinti et al., 2019). 

Other studies have reported similar results of the superiority of 1-h PG over 30-min 

PG (Abdul-Ghani et al., 2007, 2009). However, study III demonstrated that in 

addition to 1-h PG, also 30-min PG was independently associated with retinopathy 

signs. Unfortunately, data on 30-min PG levels were not available in other studies 

(I, II, IV). Additional long-term studies could improve the understanding of the 

ability of 30-min PG to detect diabetic complications. 

During the past decades, the usefulness of several different prediction models 

for identifying people at high risk for T2D has been evaluated. However, diabetes 

risk scores are mostly developed in population-based national cohorts and might 

not always be generalizable to other populations. In addition to non-invasive 

screening scores, the number of laboratory screening tests for evaluating T2D risk 

has been on the rise in recent years (Ahola-Olli et al., 2019; Hilvo et al., 2018). For 

example, a Finnish company has developed a diagnostic test called CERT 

(Cardiovascular Event Risk Test) based on measurements of ceramide lipids that 

also determines the future risk of T2D classified as low, moderate, and high risk 
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(Hilvo et al., 2018). However, of note is that these high-cost measurements appear 

to be out of reach of people in low- and middle-income countries although the 

incidence and prevalence of T2D is rising rapidly in these countries. Study I 

revealed that FPG and 1-h PG jointly found 87% of study participants who 

developed T2D during the follow-up time. Furthermore, a recent population-based 

study stated that 1-h PG seems to be a superior predictor compared to clinical risk 

factors and several metabolomics (Peddinti et al., 2019). Therefore, comparing 

studies of 1-h PG with modern diagnostic risk assessment would be valuable to 

investigate in the future.  

It is generally agreed that T2D is a multifactorial disease resulting from the 

effect of genetic and environmental risk factors. Traditionally, T2D is distinguished 

from type 1 diabetes and latent autoimmune diabetes in adults by the absence of 

the autoantibodies directed at the -cells. In 2018, researchers suggested a new 

subclassification for individuals with adult-onset diabetes based on six identified 

markers, including age at diabetes onset, BMI, HbA1c, glutamic acid 

decarboxylase antibodies, measure of  -cell function (HOMA2-B) and insulin 

resistance (HOMA2-IR). The five new suggested categories are severe 

autoimmune diabetes, severe insulin-deficient diabetes, severe insulin-resistant 

diabetes, mild obesity-related diabetes, and mild age-related diabetes. The 

subgroups showed differences in clinical characteristics, disease progression and 

the development of diabetic-related complications (Ahlqvist et al., 2018). Our data, 

together with recent findings, has shown the ability of 1-h PG to detect individuals 

at high risk of T2D and its related complications. Furthermore, 1-h PG is especially 

associated with increased insulin resistance and reduced β-cell function (Manco et 

al., 2010). Thus, it is reasonable to hypothesize that 1-h PG could be used to identify 

individuals belonging to some of the earlier mentioned subgroups, which remains 

to be further investigated. And if so, whether 1-h PG provides any additional 

information on the progression of the disease among those in a given subgroup. 
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7 Conclusions 

The conclusions of each study (IIV) are as follows:  

1. The ability of 1-h PG to predict future T2D was greater than that of FPG and 

2-h PG levels. The addition of 2-h PG to the prediction model containing FPG 

and 1-h PG did not increase the predictability of T2D. The results showed that 

FPG and 1-h PG jointly found over 85% of study participants who developed 

T2D during the follow-up, emphasizing the usefulness of 1-h PG in an OGTT. 

(I) 

2. In addition to conventional CV risk factors, 1-h PG, but not FPG or 2-h PG, 

was an independent predictor of cardiovascular events and improved the 

predictive ability of the traditional cardiovascular risk model. Elevated 1-h PG 

found over 50% more cardiovascular outcomes that were not recognized by 

FPG or 2-h PG. These findings indicate that 1-h PG is a better and more 

sensitive long-term predictor of CVDs than FPG or 2-h PG. (II)  

3. Elevated 30-min PG and 1-h PG, but not FPG, 2-h PG or HbA1c, were 

independently associated with non-diabetic retinopathy signs suggesting the 

capability of these values to recognize people with retinopathy signs. (III) 

4. Elevated 1-h PG associated independently with albuminuria whereas FPG, 2-

h PG and HbA1c did not. In subjects with prediabetic or diabetic 1-h PG, the 

estimated ORs were approximately three-fold. These results indicated that the 

1-h PG seems to be the most capable glycemic parameter in identifying people 

with albuminuria. (IV) 

In conclusion, according to the present study, 1-h PG seems to be more useful in 

the prediction of T2D and CVD complications and in the detection of 

microvascular complications than FPG or 2-h PG. Furthermore, the 2-h PG did not 

provide any benefit in addition to FPG and 1-h PG in this context. Finally, these 

results together with previous findings indicate that the use of 1-h PG and shortened 

1-h OGTT seems reasonable to consider in the future.  
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Fig. 12. Summary of the ability of one-hour post-load glucose in the prediction of type 

2 diabetes and cardiovascular diseases as well as in the detection of microvascular 

complications. Shortening the 2-hour oral glucose tolerance test to 1 hour would likely 

improve its acceptability in practice as it would be more timesaving and patient-friendly 

than 2-hour oral glucose tolerance test. FPG, fasting plasma glucose; 1-h PG, one-hour 

post-load glucose; 2-h PG, two-hour post-load glucose; OGTT, oral glucose tolerance 

test; CVD, cardiovascular disease.  
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