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ABSTRACT

Gestational diabetes mellitus (GDM) adversely affects womens’ long-term health.
The incidences of type 2 diabetes (T2DM), metabolic syndrome (MetS) and later
cardiovascular diseases (CVD) are increased in women with a history of GDM.
Various factors during pregnancy contribute to the later risk of these metabolic
disorders, including glucose tolerance. An oral glucose tolerance test (OGTT) can be
used as a predictive factor of later maternal health. However, studies concerning
the specific risks of T2DM and MetS associated with glycemia are sparse. The aim
of this study was to evaluate the glycemic measures from an OGIT during
pregnancy as predictors of incident T2DM and MetS. Furthermore, this study
explored the ability of having a large-for-gestational-age (LGA) newborn to predict
later risk of T2DM and MetS in women with and without GDM during their
pregnancies.

The study population consisted of 876 women being followed for their
pregnancies in Kuopio University Hospital in 1989-2009, of whom 489 had GDM
and 385 were normoglycemic. These women were invited for a re-examination of
glucose tolerance and other metabolic components after a mean follow-up of 7.3
(SD 5.1) years.

Women with two or more abnormal values in the OGTT during pregnancy had
the greatest risk of later T2DM and MetS, with a T2DM incidence of 25% and MetS
incidence of 62.5% after 10 years of follow-up, compared to 0.8% and 24.2% of
normoglycemic women, respectively. The incidence of T2DM increased with time
and the degree of glycemic abnormality, whereas the incidence of MetS remained
nearly constant during follow-up. The women with milder dysglycemia had an
incidence of 3.8% for T2DM and 46.2% for MetS after 10 -years of follow-up. The
incidence of MetS was significantly higher (39.3%) in women with one abnormal
value already within five years after pregnancy. The post-challenge glycemia in
OGTT was the best predictor of incident T2DM, whereas the fasting glucose value
in OGTT predicted later MetS best. An LGA delivery nearly doubled the risk of



later T2DM and tripled the risk of MetS in women with a history of GDM but did
not increase these risks in women with a normoglycemic pregnancy.

In conclusion, an OGTT during pregnancy offers important information for
more detailed prediction of womens’ risk for later metabolic diseases. Women with
several abnormal values in an OGTT and GDM women with an LGA delivery
represented a high-risk target group for interventions to prevent future T2DM and
MetS. However, the follow-up of women with milder GDM in also indicated. An
LGA delivery without GDM did not reflect adverse long-term health outcomes in
the mother.

National Library of Medicine Classification: WQ 248, WQ 211, WQ 500, WQ 105, WG
120, WK 810, WD 200

Medical Subject Headings: Pregnancy; Diabetes, Gestational; Glucose Tolerance Test; Fetal
Macrosomia; Maternal Health; Follow-up Studies; Diabetes Mellitus, Type 2; Prediabetic
State; Metabolic Syndrome; Cardiovascular Diseases; Primary Prevention
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TIVISTELMA

Raskausdiabetes (gestational diabetes mellitus; GDM) lisdd naisen riskia sairastua
tyypin 2 diabetekseen (T2DM), metaboliseen oireyhtymain (MBO) ja sydan- ja
verisuonisairauksiin =~ raskauden jdlkeen. Raskaudenaikaisia = myohempada
sairastuvuusriskida = ennakoivia  tekijoitd on tunnistettu monia. Myds
raskaudenaikaisen sokerirasitustestin (oral glucose tolerance test, OGTT) tulosten
perusteella voidaan tehda paatelmia myohemmasta riskista T2DM:een ja MBO:adan.
Tutkimukset, jotka ennustavat T2DM:n ja MBO:n riskid OGTT:n poikkeavuuksien
lukumaaran perusteella, ovat harvassa. Taman tutkimuksen tarkoituksena oli
selvittdd myochempdd sairastumisriskia T2DM:een ja MBO:aan OGTT:n tulosten
perusteella. Lisdksi tarkoituksena oli saada selville, lisddko raskauden kestoon
ndhden ylipainoinen (large-for-gestational-age, LGA) vastasyntynyt 4idin
myOhempaa sairastumisriskia T2DM:een ja MBO:dan.

Tutkimukseen osallistui vuosina 1989-2009 Kuopion yliopistollisen sairaalan
seurannassa olleet 876 naista, joilla 489:11a oli GDM ja 385:1la normaali verensokeri
raskausaikana. Heidat kutsuttiin seurantakdynnille sokeritasapainon ja muiden
metabolisten komponenttien tarkistamiseksi 7.3 (SD5.1) vuotta raskauden jalkeen.

Suurimmassa riskissd myohempaan T2DM:een ja MBO:dan olivat naiset, joilla
oli raskaudenaikaisessa OGTT:ssda useampi poikkeavaa arvo. Nailld naisilla
T2DM:n esiintyvyys oli 25% ja MBO:n 62.5% yli 10 vuoden seurannassa. Mikali
OGTT:ssa oli vain yksi poikkeava arvo, T2DM:n esiintyvyys oli 3.8% ja MBO:n
46.2%. Vastaavat luvut naisilla, joilla oli normaali sokeritasapaino raskausaikana,
oli 0.8% ja 24.2%. T2DM:n esiintyvyys lisdantyi seuranta-ajan kasvaessa ja OGTT:n
poikkeavien arvojen lukumadardn perusteella, kun taas MBO:n esiintyvyys pysyi
tasaisena seuranta-aikana ja oli merkittava jo alle viisi vuotta synnytyksestd, myos
naisilla joilla oli vain yksi poikkeava sokeriarvo OGTT:ssa. Raskaudenaikaisen
OGTT:n poikkeavat 1- ja 2-tunnin arvot ennustivat parhaiten myohempéaa
T2DM:sta, kun taas MBO:dd ennusti poikkeava paastosokeri. Mikdli GDM:aa



sairastanut nainen synnytti LGA-vauvan, T2DM:n riski ldhes kaksinkertaistui ja
MBO:n riski kolminkertaistui. LGA vastasyntynyt ei kuitenkaan lisdannyt
myShempdd T2DM- ja MBO-riskid naisilla, joiden sokeritasapaino oli
raskausaikana normaali.

Raskaudenaikaisen OGTT:n perusteella voidaan tehda yksilollista riskinarviota
myShempdd T2DM:sta ja MBO:da koskien. Naiset, joilla on useampi poikkeava
arvo OGTT:ssda tai GDM-raskaus ja LGA vastasyntynyt, tulisi ottaa tarkkaan
seurantaan GDM-raskauden jdlkeen T2DM:n ja MBO:n ja ndistd johtuvien
kansanterveydellisesti tdarkeiden sydan- ja verisuonisairauksien ehkéaisemiseksi.
Naiset, jotka synnyttavat LGA-vauvan ilman GDM:d4, eivit ole suurentuneessa
riskissa sairastua myohempaan T2DM:een tai MBO:aan.

Luokitus: WQ 248, WQ 211, WQ 500, WQ 105, WG 120, WK 810, WD 200

Yleinen suomalainen ontologia: raskaus; raskausdiabetes; glukoosi; rasituskokeet; sikid;
kasvu; didit; terveys; seurantatutkimus; aikuistyypin diabetes; metabolinen oireyhtymd;
sydiin- ja verisuonitaudit; ennaltaehkiisy
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1 INTRODUCTION

The pregnancy-related dysglycemic state that affects adversely fetal outcome and
resolves after pregnancy was named gestational diabetes mellitus (GDM) in the
1950’s (Carrington et al. 1957). Before that a decade earlier researchers recognized
that women who develop type 2 diabetes (T2DM) many years postpartum had
experienced high fetal and neonatal mortality (Miller 1946). In the 1960s, O’Sullivan
and Mahan showed that the severity of gestational glucose intolerance influences
the later risk of T2DM. They set the optimal thresholds for GDM diagnosis using
oral glucose tolerance test (OGTT) with a lifetime risk of T2DM exceeding 70%
(O'sullivan and Mahan 1964).

Subsequently, the criterions of GDM have been modified several times. Even
today, different organizations use different cut offs. However, nowadays guidelines
of GDM diagnosis are uniformly targeted to reduce adverse obstetrical outcomes
and to improve the neonatal period and long-term health of the offspring and the
mother. In addition to elevated risk for hypertensive disorders during pregnancy,
women with GDM are at an increased risk of having a large-for-gestational-age
(LGA) infant that predisposes the fetus and mother to adverse delivery outcomes.

With regards to the long-term health of the mother, GDM increases the future
risks of T2DM and metabolic syndrome (MetS), and further, cardiovascular
diseases (CVD). Due to this risk, women with previous GDM are advised to have
follow-up with an OGTT after their pregnancy. In addition to OGTT, lipid status,
weight and blood pressure should be followed. Several studies have demonstrated
that the follow-up of women with previous GDM is far from optimal.
Unfortunately, less than 50% of women attend to a post-partum oral glucose
tolerance test (OGTT) (Eggleston et al. 2016, Tovar et al. 2011). This period of
womens’ lives is an important target for diabetes and MetS prevention programs.

In the present study, the aim was to assess the risk of T2DM and MetS in women
with previous GDM from North Savo region in Finland. Another aim was to
investigate the impact of a previous LGA delivery to the woman’s later risk of
T2DM and MetS.
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2 REVIEW OF THE LITERATURE

21 GESTATIONAL DIABETES MELLITUS (GDM)
211 Background

Gestational diabetes is carbohydrate intolerance resulting in hyperglycemia of
variable severity with onset or first recognition during pregnancy (Alberti and
Zimmet 1998, Metzger et al. 2007). This definition includes the possibility that
unrecognized glucose intolerance may have antedated the present pregnancy. The
prevalence of GDM has inceased worldwide throughout years due to the ongoing
epidemic of obesity and sedentary lifestyles in women at childbearing age. In
Finland, during the year 2017, the OGTT was pathological in 19.0% of the pregnant
population and the proportion has increased by 9.3% since 2007 (Figure 1) (The
national Institute for Health and Welfare, Finland. Finnish Medical Birth Register.
2016.). Similarly, the proportion of overweight (BMI > 25 kg/m?) and obesity (BMI >
30 kg/m?) has continuously increased among pregnant women in Finland over a 10-
year period (Figure 1). (The national Institute for Health and Welfare, Finland.
Finnish Medical Birth Register. 2016).

25
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Figure 1. The incidence of GDM, overweigth and obesity in Finland.
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2.1.2 Pathophysiology

Pregnancy induces progressive insulin resistance that begins in mid-pregnancy and
approaches the level of insulin resistance seen in individuals with type 2 diabetes
during the third trimester (Buchanan et al. 1990, Catalano et al. 1993). Insulin
resistance is caused by insulin-desensitizing effects of hormonal products of the
placenta (growth hormone, corticotrophin-releasing hormone, human placental
lactogen and progesterone) combined with increased maternal adiposity. Human
placental lactogen plays a major role in maternal insulin resistance and peaks at 30
weeks of pregnancy (Handwerger and Freemark 2000). In normal pregnancies,
pancreatic [3-cells increase their insulin secretion to compensate for pregnancy-
induced insulin resistance (Butte 2000) and thus, the overall glucose concentration
normally remains quite stable during pregnancy.

Previous studies have demonstrated that nonpregnant women with a history of
GDM have higher insulin resistance before and after pregnancy (Catalano et al.
1993, Homko et al. 2001). In addition, obesity clearly worsen pre-pregnancy insulin
resistance increasing the risk of GDM (Poston et al. 2016). According to Parker’s
hypothesis, metabolic dysfunction beyond the GDM pregnancy have been present
long before pregnancy and started probably when the woman herself was
developing in utero (Barker and Osmond 1986). Therefore, pregnancy-induced
insulin resistance occurs on top of a background of chronic insulin resistance. Thus,
pregnant women with GDM are initially more insulin resistant than
normoglycemic pregnant women (Kautzky-Willer et al. 1997). Moreover, pancreatic
[-cells are unable to meet the increased demand for insulin due the elevated insulin
resistance in women with GDM (Homko et al. 2001, Huopio et al. 2014). This 3-cell
dysfunction has been observed already before pregnancy and continues years after
pregnancy (Kramer et al. 2014, Xiang et al. 2013, Moleda et al. 2013). Pregnancy-
induced insulin resistance resolves right after the delivery, and the woman returns
her prepregnancy glycemic stage.

In addition to placental diabetogenic hormones and existing baseline insulin
resistance, adipose tissue has a role to play as an endocrine organ. It synthetizes
and secretes various bioactive molecules, called adipokines or adipocytokines.
Furthermore, the placenta has a profile of cytokine gene expression and protein and
secretion somewhat similar to white adipose tissue (Hauguel-de Mouzon and
Guerre-Millo 2006, Radaelli et al. 2003). The contributions of these cytokines to
conditions associated with insulin resistance, such as obesity and T2DM have been
previously demonstrated (Fernandez-Real et al. 1998, Fruhbeck and Salvador 2000).
Elevated levels of tumor necrosis factor and leptin have been found to be related to
insulin resistance in the last trimester of pregnancy (Melczer et al. 2003). Resistin is
another adipose tissue-related protein that is expressed and secreted by the
placenta in human pregnancy, and it peaks at the third trimester (Yura et al. 2003).
However, studies comparing resistin levels between GDM pregnancies and
normoglycemic pregnancies have found inconsistent results (Kuzmicki et al. 2009,
Lobo et al. 2013). Adiponectin is an adipose tissue-derived protein counteracting
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insulin resistance and inflammation. Low adiponectin levels have been reported in
women with gestational diabetes (Ranheim et al. 2004). Moreover, the increased
macrophage population in the placenta and increased expression of pro-
inflammatory cytokines such as IL-6, TNF-a and IL-1 are increased two- to three-
fold in obese women compared to lean women (Challier et al. 2008). These
inflammatory changes are associated with elevated plasma concentrations of C-
reactive protein and IL-6 and may be one of the mechanisms behind the increased
insulin resistance among obese women with gestational diabetes. The level of high-
sensitive C-reactive protein (hs-CRP) has been found to be higher among pregnant
women who develop GDM later in pregnancy, suggesting that hs-CRP is an early
predictor of GDM (Maged et al. 2014).

2.1.3 Risk factors

Development of gestational diabetes is dependent on several risk factors. The
history of GDM in a previous pregnancy is well-known risk factor for the
recurrence of GDM in a subsequent pregnancy (Getahun et al. 2010). A family
history of diabetes, especially in first-degree relatives, increases the risk of GDM
(Kim et al. 2009). Several gene variants increasing the risk of T2DM and
hyperglycemia are also associated with GDM, indicating a common genetic
background with both these conditions (Huopio et al. 2013). Women with non-
white ethnicity such as Hispanic, African American, Native American, Asian,
Pacific Islander women, have a high prevalence of GDM, whereas in Caucasian
women the prevalence is lower (Caughey et al. 2010). Increased prepregnancy BMI,
significant weight gain in early adulthood and between pregnancies, and excessive
weight gain during pregnancy are all associated with an increased risk of GDM
(Solomon et al. 1997, Hedderson et al. 2008). The risk of GDM is also increasing by
maternal ageing, and therefore screening efforts have been focused on women older
than 25 years (Solomon et al. 1997, Marquette et al. 1985). Medical conditions such
as MetS, polycystic ovary syndrome (PCOS) (Boomsma et al. 2006) and some
medications like corticosteroids (Yildirim et al. 2006) may also increase the risk of
GDM. Moreover, a recent observational study demonstrated that increasing income
and educational attainment level decrease the incidence of GDM in primiparous
women (Rono et al. 2019).

21.4 Screening and diagnosis

All pregnant women should be assessed for clinical characteristics to determine the
overall risk of GDM and undergo glucose testing, unless they have a low-risk
clinical profile (Table 2). Universal screening for GDM is recommended by an
international consensus group with representatives from several obstetrical and
diabetes organizations (IADPS), the American Diabetes Association (ADA) and the
World Health Organization (WHO) since risk factor-based screening does not
identify GDM women adequately (Farrar et al. 2017). For example, nearly half of
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women diagnosed with GDM were without any risk factors in a prospective
Finnish study in 532 unselected women (Poyhonen-Alho et al. 2005). If a woman is
at high risk for GDM (marked obesity, history of previous GDM or delivery of an
LGA infant, strong family history of diabetes, polycystic ovary syndrome or
glycosuria), an oral glucose tolerance test should be performed as early as
pregnancy weeks 12-16. The diagnosis of GDM is based on an oral glucose
tolerance test and this can be performed as a one-step 75-gram two-hour test or a
two-step 100-gram three-hour test with a preceding abnormal 50-gram oral glucose
challenge test (OGCT) that is mostly used in Northern America.

Criteria for diagnosing GDM have varied widely over the decades (Table 1). The
first recommendation for diagnosis of GDM was launched in 1964 by O’Sullivan
and Mahan, aiming to find women who would subsequently develop T2DM
(O'sullivan and Mahan 1964). Subsequent information led to alterations in
O’Sullivan’s criteria and the most commonly used thresholds were presented by
Carpenter and Coustan (Carpenter and Coustan 1982) and by the National Diabetes
Data Group (NDDG) (Classification and diagnosis of diabetes mellitus and other
categories of glucose intolerance. National Diabetes Data Group. 1979), both of
which were actuall modifications of the criteria by O’Sullivan and Mahan. The
American Diabetes Association (ADA) published guidelines in 2003 that
recommended an evaluation for GDM in women with average or high-risk
characteristics (American Diabetes Association 2003). Subsequently, the
hyperglycemia and adverse pregnancy outcome (HAPO) study was designed to
assess the relationship between the level of maternal hyperglycemia and adverse
pregnancy outcomes. The HAPO study was published in 2008 (HAPO Study
Cooperative Research Group, Metzger et al. 2008) and revealed strong continuous
associations of maternal glucose levels below those diagnostic of diabetes with
several perinatal outcomes.

After the HAPO Study, the IADPSG revised recommendations for diagnosing
GDM in 2010 (International Association of Diabetes and Pregnancy Study Groups
Consensus Panel, Metzger et al. 2010). The recommendations were endorsed by
ADA in 2011 and have remained the same thereafter (American Diabetes
Association 2018). Accoding to this recommendation, all women not known to have
diabetes undergo a 75-g OGTT at 24-28 weeks of gestation. Diagnostic thresholds
were calculated using the HAPO data for fasting, 1-h and 2-h plasma glucose
measurements at which odds for birth weight > 90t percentile, cord C-peptide > 90t
percentile, and percent body fat > 90 percentile reached 1.75 times the estimated
odds of these outcomes at the mean glucose values (International Association of
Diabetes and Pregnancy Study Groups Consensus Panel, Metzger et al. 2010) (Table
1). The World Health Organization (WHO) also published an updated
recommendation for diagnosing GDM in 2014, in line with the IADPSG criteria,
aiming for universal standard recommendation for the diagnosis of GDM
(Diagnostic criteria and classification of hyperglycemia first detected in pregnancy:
a World Health Organization Guideline. 2014). More recently the International

28



Federation of Gynecology and Obstetrics (FIGO) endorsed these updated criteria
(Hod et al. 2015). Whether there is a benefit of treating GDM women diagnosed by
more stringent IADPSG criteria is not known, and randomized controlled trials are
still lacking. Therefore, recommendations still have differences between national
and international organizations (Feldman et al. 2016). For instance, the UK National
Institute of Health and Care Excellence (NICE) (National Collaborating Centre for
Women's and Children's Health (UK) 2015) and American College of Obstetrics and
Gynaecology (ACOG) (Diagnostic criteria and classification of hyperglycemia first
detected in pregnancy: a World Health Organization Guideline. 2014, Committee
on Practice Bulletins-Obstetrics 2018) have their own guidelines (Table 1).

The debate concerning optimal thresholds continues. A recently published
systematic review and meta-analysis with 25 reports and up to 207 172 women
observed a positive linear association between fasting and post-load glucose
concentrations and caesarean section, induction of labor, large for gestational age,
macrosomia, and shoulder dystocia (Farrar et al. 2016). The association between
fasting glucose level and these outcomes were more robust than those of post-
challenge levels. This review, like precursors, was unable to provide clear
thresholds for diagnosing GDM above which adverse outcomes risks increase.
Additionally, the authors of this review criticized thresholds proposed by the
IADPSG for considering only three outcomes and criticized the odds ratio of at least
1.75 as arbitrary.

Table 1. The dianostic criteria of GDM over decades.

Guideline  Year OGTT Abnormal Fasting One-hour Two-hour  Three-hour
published Approach values (mmol/l) postload postload post-load
required (mmol/l) (mmol/l) (mmol/l)
for
diagnosis
O'Sullivan 1964 100g 2 >5.0 29.2 =281 26.9
NDDG 1979 100g 2 >58 210.6 >9.2 >8.
c&cC 1982 100g 2 253 210.0 8.6 7.8
WHO 1999 759 1 26.1 >7.8
2014 759 1 >51 210.0 >8.5
ADA 2003 75/100g 1 253 210.0 >8.6
2018 75/100g 1 >51 210.0 >8.5
IADPSG 2010 759 1 251 210.0 28.5
NICE 2015 759 1 >5.6 >7.8
ACOG 2013 100g 1 253 210.0 >8.6 7.8
2018* 100g 2 >5.3/5.8 210.0/10.6 =28.6/9.2 >7.8/8.0

NDDG= The National Diabetes Data Group; C&C= Carpenter and Coustan; WHO= The World Health
Organization; ADA= The American Diabetes Association; IADPSG= An international consensus group
with representatives from multiple obstetrical and diabetes organisations; NICE= UK National Institute of
Health and Care Excellence; ACOG= American College of Obstetrics and Gynaecology; OGTT= oral
glucose tolerance test. *Selection of a single set of either C&C or NDDG criterion
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In Finland, the screening of GDM was risk-based before 2008 (Table 2). Women
targeted for screening were older, overweight, had glycosuria, or had a previous
macrosomic infant or GDM in a previous pregnancy. In the area of Kuopio
University Hospital, the threshold of fasting glucose was as low as 4.8 mmol/l
based on local research at the maternity clinics of Helsinki and Kuopio (Hyvonen
1991). This fasting level, endorsed and recommended by the Finnish Diabetes
Association, represented the 97.5 percentile value in the Finnish pregnant
population. According to the Birth Register of Kuopio University hospital, risk-
based screening of GDM was performed on every third women (before the year
2008) (Viljanen 2013). The latest criteria of The Finnish Current Care Guidelines
were issued in year 2008 and thereafter the screening and diagnostic criteria of
GDM became uniform nationally (Table 2). In Finland, the screening
recommendation for GDM is uniform, except for very low risk women (Table 2).
The proportion of screened women increased to every other women after the
newest criteria in the area of Kuopio University Hospital. On the other hand, the
change in fasting glucose threshold to a less stringent concentration in 2008 led to a
declining prevalence of GDM in the North-Savo region, from 17.7% to 13.7%,
respectively (Viljanen 2013).

Table 2. The screening and diagnostic criteria of GDM in Finland.

Screening of GDM for all pregnant women, with exception of:

Nullipara with age < 25 years, BMI < 25 kg/m? and no family history of T2DM.
Multipara with age < 40 years, BMI < 25 kg/m?and no history of previous GDM or newborn macrosomia.

Guideline Year Approach Fasting One-hour Two-hour
published (mmol/l)  post-load post-load
(mmol/l)  (mmol/l)

The Finnish Diabetes 1993 759 OGTT

Association capillary whole blood glucose =>4.8 >10.0 >8.7
capillary plasma glucose 248 =211.2 29.9
venous plasma glucose 248 >10.0 >8.7

The Current Care 2008 759 OGTT 253 >10.0 >8.6

Guideline updated 2013 venous plasma glucose

OGTT= oral glucose tolerance test; BMI= Body mass index; T2DM= type 2 diabetes
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2.1.5 Treatment of GDM

The treatment of GDM aims to minimize maternal and neonatal complications
(Crowther, Hiller et al. 2005). Adequate management of GDM reduces adverse
obstetrical and neonatal outcomes (Crowther et al. 2005, Hartling et al. 2013,
Landon et al. 2009). The main influence of treatment was particularly a decrease in
neonatal fat mass, in the numbers of LGA infants, shoulder dystocia and
preeclampsia. A trial (Landon et al. 2009) also showed a reduction in cesarean
delivery rates. Although the number of prenatal visits usually increases in women
with GDM, close obstetrical follow-up is necessary to ensure both maternal and
fetal well-being, including normal fetal growth. The cornerstones in the treatment
of GDM are self-glucose monitoring, physical activity and nutritional therapy, and
administration of insulin when required.

2.1.5.1 Conservative treatment
Self-monitoring of glucose

After the diagnosis of GDM, women are requested to measure their blood glucose
levels, and the results should be recorded. Self-monitoring of glucose

concentrations has been shown to be the most effective way to improve glucose
control (Crowther et al. 2005) and reduce the requirement of anti-hyperglycemic
agents. In GDM treated successfully with diet the frequency of testing can be
reduced, whereas in the case of poor glycemic control daily measurements are
required (Committee on Practice Bulletins-Obstetrics 2018). The Finnish Current
Care Guidelines recommend 5-7 measurements per day including fasting glucose
before breakfast and one-hour postprandial value after each meal (Gestational
Diabetes: Current Care Guidelines, 2013) and the frequency of measurement days
are planned individually based on the glycemic balance.

The targets of the treatment are the fasting glucose concentration < 5.5 mmol/l
and the one-hour postprandial blood glucose concentration < 7.8 mmol/l. These
thresholds recommended by the fifth international workshop-conference on
gestational diabetes, are initially generalized from the recommendations intended
for women with pre-existing diabetes (American Diabetes Association 2018,
Metzger et al. 2007).

Dietary therapy
Dietary therapy is the most important treatment for GDM. Most women with GDM

remain euglycemic with nutritional management alone, and their condition is
classified as diet-treated GDM or class A1GDM according to the White
classification (White 1949). The goals of diet treatment are to provide sufficient
energy and nutrients for fetal growth and to provide adequate weight gain while
achieving normoglycemia in the absence of ketosis (Dornhorst and Frost 2002).
Overall, the dietary guidance for GDM should emphasize healthy food, portion

31



controls, and cooking practices that can be continued postpartum to prevent later
diabetes and the metabolic syndrome (Metzger et al. 2007).

Dietary guidelines for GDM are based on the recommendations for the
management of diabetes in pregnancy. Daily caloric uptake and pregnancy weight
gain is stratified by pre-pregnancy BMI (American Diabetes Association 2018).
Recommendations for the daily uptake of energy is 1600-1800 kcal for women with
overweight or obesity and 1800-2000 kcal for women with normal weight
(Gestational Diabetes: Current Care Guidelines, 2013).

There is scarce evidence for the efficacy of different types of dietary
interventions on maternal and neonatal outcomes. The latest (2017) Cochrane
Database review, including 19 randomised controlled trials and 1398 women with
GDM, reported no clear differences between different type of dietary advice for
high blood pressure, LGA babies, perinatal deaths or type 2 diabetes development
for the mother (Han et al. 2017). The trials included for this review suffered from
smallness, unclear or moderate risk of bias resulting from methodological
limitations and low quality of the evidence supporting further large, well-designed
trials. However, a systematic review and meta-analysis from 2014 revealed that a
low glycemic index (GI) diet was associated with diminished administration of
insulin and lower birth weight than other diets, suggesting that it could be the most
suitable dietary intervention (Viana et al. 2014).

The institute of Medicine (IOM) published revised pregnancy weight gain
guidelines in 2009 (Figure 2.) (Institute of Medicine (US) and National Research
Council (US) Committee to Reexamine IOM Pregnancy Weight Guidelines 2009)
and these are the generally accepted guidelines in Finland as well. However, the
appropriate weight gain in pregnancy in women with GDM is unknown and the
Finnish Current Care Guidelines recommend that the weight of obese women
should not increase at all after the diagnosis of GDM (Gestational Diabetes: Current
Care Guidelines, 2013). Excessive weight gain is associated with an increased risk of
having a large for gestational age infant, preterm birth, and cesarean delivery, and
conversely weight gain below guidelines increases the risk of SGA neonates and the
likelihood of avoiding medical therapy (Cheng et al. 2008).
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Figure 2. The 2009 IOM guidelines for weight gain and rate of weight gain during pregnancy
for women with singleton fetuses.

Exercise

The other important lifestyle treatment for GDM is exercise. In general, regular
exercise appears to lower fasting and postprandial glucose concentrations by
increasing tissue sensitivity to insulin and glucose uptake in skeletal muscle (Asano
et al. 2014). Physical activity during pregnancy maintains physical and mental
health, helps maintaining adequate weight gain, can prevent the development of
GDM and reduces the risk of fetal overgrowth (Koivusalo et al. 2016, Tobias et al.
2011, Wiebe et al. 2015). Neither the risk for intrauterine growth restriction or
preterm birth has been shown to be increased (Wiebe et al. 2015). Exercise during
pregnancy has also improved the chance for normal delivery among healthy
pregnant women (Poyatos-Leon et al. 2015).

The recommendations for exercise during uncomplicated pregnancy are
equivalent to recommendations in the background population, including moderate-
intensity aerobic or strength-conditioning exercise for at least 20-30 minutes daily
(ACOG Committee Opinion No. 650: Physical Activity and Exercise During
Pregnancy and the Postpartum Period. 2015). The newest Cochrane Database
review demonstrated that all lifestyle interventions, such as education, diet,
exercise and self-monitoring of blood glucose are the primary therapeutic strategy
for women with GDM to decrease the risk of neonatal macrosomy and adiposity,
and further, to achieve postpartum weight goals (Brown et al. 2017). However, this
review could not demonstrate which specific intervention is the most useful, and
further research to address this issue is needed. Nevertheless, based on the general
knowledge of the favorable effects of exercise, the ADA recommends exercise as a
part of the treatment plan for women with GDM (Colberg et al. 2010).
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2.1.5.2 Medical treatment

Women with GDM who are unable to maintain glucose levels in the targeted level
with lifestyle interventions should receive medical treatment to reduce perinatal
complications (Crowther et al. 2005). These women are termed as class A2GDM
(White 1949). The most common and traditional treatment is insulin therapy. If the
fasting glucose values are elevated repeatedly the intermediate-acting Neutral
Protamine Hagedorn (NPH) insulin is administered before bedtime and dosing can
be enhanced every third day (Gestational Diabetes: Current Care Guidelines, 2013)
based on self-monitoring glucose levels. The long-acting insulin analogs (detemir or
glargine) have not been studied extensively but based on the existing data, both
seem to be safe for use in pregnancy (Callesen et al. 2013). NPH-insulin is more
widely used than long-acting insulin analogs for the treatment of GDM in Finland
(Gestational Diabetes: Current Care Guidelines, 2013). If recurrent excursions in
postprandial glucose above the threshold are observed, the rapid-acting insulin
analog (lispro or aspart) is added before meals (Gestational Diabetes: Current Care
Guidelines, 2013). The rapid-acting insulins have a better influence on postprandial
hyperglycemia than human insulin (Pettitt et al. 2003). The rapid-acting insulin
analogs show low antigenicity, good clinical effectiveness and no evidence of
teratogenesis when used by pregnant women (Metzger et al. 2007, Mathiesen et al.
2007). Diet treatment should continue along with medical treatment.

The other medical treatment for GDM is the oral anti-hyperglycemic agent
metformin, which can be considered for women who fail diet therapy or refuse or
are unable to use insulin therapy. Metformin treatment is suitable for mild
gestational diabetes and appears to be safe, but approximately 30% of women using
metformin require supplemental insulin (Balsells et al. 2015). Hence, the use of
metformin as the primary medication for GDM is not recommended. Metformin is
widely used for type 2 diabetes and polycystic ovary syndrome. Its main influence
is to decrease liver glucose production (Kirpichnikov et al. 2002). Metformin also
has an impact on insulin sensitization by increasing peripheral glucose uptake
(Kirpichnikov et al. 2002).

Metformin crosses the placenta, and its concentration in umbilical artery is
comparable with the maternal venous concentration (Tertti et al. 2014). However,
Metformin in Gestational diabetes (MiG) trial reported no difference in
neurodevelopmental outcomes at 2 years of age between the offspring of
metformin- and insulin-treated GDM mothers (Wouldes et al. 2016). Studies
concerning fetal exposure in metformin and offspring long-term safety are still
missing. A meta-analysis of randomized trials with 2509 GDM subjects
demonstrated that metformin can reduce weight gain during pregnancy and lower
the mean birth weight and the rate of neonatal hypoglycemia (Balsells et al. 2015).
On the other hand, this review revealed a slightly increased risk of preterm
delivery.
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2.1.6 Follow-up during pregnancy

Women with GDM regularly visit parental clinics where the self-monitoring of
glucose is reviewed. Attention is paid to hypertensive disorders in every visit, as
the incidence of pre-eclampsia is elevated in women with GDM (Billionnet et al.
2017). If glucose control is unsatisfactory, the woman is sent to a prenatal outpatient
clinic for fetal surveillance and assessement of possible medication treatment of
GDM. Women with medication-requiring GDM are recommended to have
antenatal fetal follow-up regularly at the prenatal outpatient clinic until delivery
(Gestational Diabetes: Current Care Guidelines, 2013, Committee on Practice
Bulletins-Obstetrics 2018). However, women with diet-treated GDM and good
glycemic control require secondary level clinic follow-up only when antenatal fetal
ultrasound in third trimester is carried out to estimate fetal size and well-being.
Among women with medical treatment for GDM, the induction of labor is usually
preferred on expected date of the delivery at the latest due to the overall increased
risk of asphyxia (Philips et al. 1982, Committee on Practice Bulletins-Obstetrics
2018). In case of macrosomia, the induction of labor is advisable before term to
enable normal birth. If estimated fetal weight is over 4.5 kg, a cesarean section is
preferred (Committee on Practice Bulletins-Obstetrics 2018). For GDM women on
diet and with no other complications, expectant management after the expected
date of the delivery is an acceptable option (Committee on Practice Bulletins-
Obstetrics 2018).
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2.2 SHORT- AND LONG-TERM CONSEQUENCES OF GDM AND
HAVING AN LGA NEWBORN

2.21 Factors affecting fetal growth and classification of birth weight

Fetal growth reflects in-utero well-being, and it is affected by various growth
stimulating or decelerating factors, many of which act simultaneously. The main
regulatory factors of fetal growth are presented in Figure 3.

Genetic factors influence up to 50% of the birth size according to the population-
spaced and twin studies (Magnus 1984, Lunde et al. 2007, Clausson et al. 2000).
Maternal genes have greater influence on birthweight and than paternal genes. For
example, mothers who were LGA themselves deliver more likely LGA infants. In
addition, race, ethnicity and gender have an influence on infants’ birthweight. Fetal
genetic and chromosomal abnormalities and confined placental mosaicism
(Wolstenholme et al. 1994) affect both growth retardation (Eydoux et al. 1989) and
overgrowth (Vora and Bianchi 2009). Furthermore, many structural malformations
without chromosomal and genetic abnormalities can also affect fetal growth
(Khoury et al. 1988).
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Figure 3. Different factors influencing fetal growth.
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Part of intrauterine growth is influenced by certain hormones that are essential
for the normal growth and development of the fetus. The fetus responds to the
glucose of maternal origin by secreting insulin. Insulin has a key role in fetal
growth as it increases the fetal body weigth and growth of insulin sensitive tissues
(Hill and Milner 1985). Insulin-like growth factor I (IGF-I), secreted by fetal tissues
after 12 weeks of gestation, correlates positively with fetal growth contributing cell
growth and division (Chellakooty et al. 2004, Luo et al. 2012). In contrast, a
reduction in IGF levels is associated with fetal growth restriction. The level of IGF-I
has shown to be significantly higher in women with GDM (Luo et al. 2012). Studies
made with transgenic mice have observed that mutation of the gene encoding
either IGF-I or IGF-II leads to a weight reduction of the offspring of up to 40%
(Efstratiadis 1998). Human placental growth hormone, expressed in
syncytiotrophoblast cells and extravillous cytotrophoblast cells, regulates fetal
growth by increasing nutritient availability via regulation of maternal IFG-I levels
(Chellakooty et al. 2004, Caufriez et al. 1993). Placental growth hormone levels have
been shown to be lower in pregnancies with intra-uterine growth restriction (IUGR)
fetus (Chellakooty et al. 2004, Caufriez et al. 1993). In contrast, the influence of fetal
pituitary growth hormone to fetal growth appears to be minimal (Hill 1992). The
thyroid hormones, thyroxine (T4) and triiodothyronine (T3) are important to
normal development and growth of the fetus (Forhead and Fowden 2014). Before
the fetal thyroid gland is functional in mid pregnancy, the maternal thyroid
hormones are essential in fetal development (Morreale de Escobar et al. 2004).
Umbilical T4 concentration correlates positively with fetal body weigth and length
(Shields et al. 2011). In contrast, low consentrations of the thyroid hormones have
been detected in pregnancies with growth restricted fetuses (Thorpe-Beeston et al.
1991).

Environmental factors, in addition to genetic ground and fetal hormonal
regulation, influence fetal growth considerably. Maternal nutrition and pre-
pregnancy body mass index associate with fetal growth, with both accelerating and
decelerating effects. Maternal tall stature, high BMI and pregnancy weight gain
increase the incidence of delivering an LGA infant, whereas smaller materal size
and deficient weigth gain increase the probability of having an SGA infant (Smith
1947, Yu et al. 2013, Kim et al. 2014, Voigt et al. 2010). Another environmental factor
for a larger birth weight is multiparity, with more permissive uterine capacity
(Seidman et al. 1988). In contrast, in pregnancies with multiple gestation, growth
restriction is more prevalent due to the limited intrauterine environment (Blickstein
2004).

Moreover, fetal growth is regulated by placental factors. Increased size of the
placenta in early pregnancy has been shown to be associated with delivering an
LGA infant (Schwartz et al. 2014). Inadequate uterine-placental perfusion, and thus
fetal malnutrition, is a common reason for fetal growth restriction (Dashe et al.
2000, Battaglia and Lubchenco 1967, Salafia et al. 1995, Parra-Saavedra et al. 2013).
Certain placental disorders such as numerous infarctions, placenta circumvallate,
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hemangioma and chorioangioma can contribute to fetal decelerated growth
(Laurini et al. 1994, Shanklin 1970). Velamentous insertion of the umbilical cord and
the presence of a single umbilical artery without chromosomal abnormalities have
been associated with the fetal growth restriction (Battarbee et al. 2015).

Finally, several maternal medical conditions may affect fetal growth. In general,
chronic disorders associated with vascular disease such as pregnancy-related
hypertensive diseases often cause restriction of fetal growth (Ounsted et al. 1985).
These conditions are usually a consequence of inadequate placentation in which
trophoblast invasion of the myometrial portion of the spiral arteries does not occur
appropriately, and this in turn leads to reduced uteroplacental perfusion. Abuse of
tobacco, alcohol and other drugs decelerates fetal growth (Shu et al. 1995, Ounsted
et al. 1985, Fulroth et al. 1989, Gunn et al. 2016). Certain medications, such as anti-
seizure medications, warfarin-type anticoagulants (Hall et al. 1980) and
antineoplastic agents (Brewer et al. 2011) are possible etiological factors of IUGR.
Maternal infections passing into the intrauterine space may also be the underlying
primary etiology of SGA fetus (Neerhof 1995).
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Figure 4. The birth weight reference curves for singleton boys and girls born between 1996—
2008. (Data and figure adapted from ref. Sankilampi et al. 2013)

In United States and many European countries, an infant with birthweight
between of 10" and 90t percentile is classified as AGA and birthweight over 90t
percentile (+ 1.28 SD) for gestational age is broadly referred to as an LGA newborn
(Battaglia and Lubchenco 1967). In Finland, the latest population-based references
for optimal birth weight were published in 2013 (Sankilampi et al. 2013) (Figure 4.),
replacing the references from 1979-1983 (Pihkala et al. 1989). These were required
since the average adult height in women increased by 1.9 cm over these years (Saari
et al. 2011). In this study, the mean birth weight for gestational age +2 SD was
categorized as appropriate for gestational age (AGA), whereas small for gestational
age (SGA) was defined as birth weight 2 SD below and large for gestational age
(LGA) 2 SD above the sex- and the gestational age- specific mean. In other words,
+2 SD corresponds to 97.7 percentiles. These cut-offs have been shown to
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differentiate the infants with the greatest risk for perinatal morbidity and mortality
(Xu et al. 2010). According to the Finnish national birth register, 2.4% of neonates
were born macrosomic (birth weight > 4500g) in 2016 (The national Institute for
Health and Welfare, Finland. Finnish Medical Birth Register. 2016)

2.2.2 Influence of GDM for fetal development

Infants of women with glucose impairment during pregnancy have an increased
risk for various conditions that should be recognized prenatally. As presented in
the previous section, fetal overgrowth is affected by several genetic, hormonal and
environmental factors. However, the most well-known causal factor for fetal
overgrowth is maternal hyperglycemia which leads to fetal hyperglycemia, and
further to hyperinsulinemia. According to Pedersen’s hypothesis (Pedersen 1952),
this leads to fetus overgrowth of insulin-sensitive tissues such as liver, muscle,
cardiac muscle and subcutaneous fat, especially in the abdominal and
interscapulum areas (Crowther et al. 2005, Kwik et al. 2007, Billionnet et al. 2017,
Pedersen 1952) Generally, the growth of the fetus is disproportionate: the ponderal
index is increased, with a higher chest-to-head and shoulder-to-head ratio, higher
body fat and thicker upper extremity skinfolds than LGA newborns in nondiabetic
mothers (Persson et al. 2013). The HAPO study showed that the risk of birth weight
above the 90t percentile increases continuously when maternal plasma glucose
levels increase, even before it fulfils the criteria of overt diabetes (HAPO Study
Cooperative Research Group, Metzger et al. 2008).

Already a few decades ago, the Pedersen’s hypothesis from 1954 was extended
to the Pedersen-Freinkel hypothesis (Freinkel 1980) (Figure 5.). This hypothesis
proposes, that fetal overgrowth is also affected by other maternal nutritients, such
as lipids and amino acids. Previous studies have repeatedly demonstrated that
besides of GDM, excessive maternal weight gain and obesity significantly increase
the risk of having an LGA infant (Black et al. 2013, Berntorp et al. 2015, Henriksen
2008, Cosson et al. 2016). In one large population-based study, the prevalence of
LGA was 12.2%, 13.5% and 17.3% among women with BMIs of 25 or higher, with
excess gestational weight gain, and with GDM, respectively (Kim et al. 2014).
According to the HAPO study, in the group of women with GDM obesity nearly
doubled the risk of macrosomia (Catalano et al. 2012). Thus, obese women with
GDM have a higher risk of developing an LGA fetus than nonobese women with
GDM.

39



MOTHER 1P/ NEWBORN CHILD/
ADULT
Insulin L LGA
availability A Hypoglycemia _
Resistance and/or C ObeSIty
reduced secretion E / I
IGT/
I N I Insulin T2DM
ﬂ Plasma Glucose il I
y 5 A
Amino Acids MetS
Lipids
| "Mixed I
nutrients” CVD

Figure 5. The classic hyperglycemia-hyperinsulinemia hypothesis of Pedersen-Freinkel.
(Figure modified from ref. Freinkel 1980)

LGA= a large-for-gestational-age; IGT= impaired glucose tolerance; T2DM= type 2 diabetes;
MetS= metabolic syndrome; CVD= cardiovascular diseases

Hyperinsulinemia due to maternal dysglycemia alters fetal cardiac remodeling;
the amounts of fat and glycogen are increased, leading to hypertrophic
cardiomyopathy, especially thickening of the interventricular septum (Lehtoranta
et al. 2013, Hornberger 2006). Moreover, the gene expression in the heart is altered
(Lehtoranta et al. 2013). Fetal hyperinsulinemia caused by maternal hyperglycemia
leads to elevated metabolic rates and oxygen consumption, and consequently fetal
hypoxemia (Philips et al. 1982). Prolonged hypoxemic state can lead to metabolic
acidosis, modifications in fetal iron distribution and erythropoiesis leading to
polycythemia (Widness et al. 1990). As a consequence of this, redistribution of iron
results in iron deficiency in developing organs (Petry et al. 1992). This also can
contribute to changes in fetal neurodevelopment (Lozoff et al. 2000).

Because of the fetal hyperinsulinemic state and hypoxemia, the risk of stillbirth
is increased in pregnancies with poor glycemic control and is highest in women
with pregestational diabetes. However, the difference was not observed when
GDM women with good glycemic control were compared to the general obstetrical
population (Ovesen et al. 2015). GDM exposes a woman to hypertensive disorders
such as pre-eclampsia (Casey et al. 1997, Yogev et al. 2004, HAPO Study
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Cooperative Research Group, Metzger et al. 2008, Billionnet et al. 2017). These
disorders and increased prevalence of LGA fetuses lead more often to labor
induction, which in turn elevates the risk of prematurity and caesarean section
among women with GDM (Casey et al. 1997, Cordero et al. 1998).

2.2.3 Consequences of GDM for the offspring

At birth, LGA infants of diabetic pregnancies are at a risk for shoulder dystocia due
to increased shoulder and abdominal girth (Bjorstad et al. 2010). This may lead to
brachial plexus injury, clavicular fracture and asphyxia (Billionnet et al. 2017). After
delivery, LGA infants of diabetic mothers are susceptible to hypoglycemia due to
persistent hyperinsulinemia (Flores-le Roux et al. 2012). Moreover, fetal
hyperinsulinemia inhibits pulmonary surfactant synthesis (Miakotina et al. 1998),
leading to delayed lung maturation and increased risk for respiratory distress
syndrome after the birth (Robert et al. 1976). This risk is especially increased in
pregnancies in women with early diagnosed or insulin-treated GDM.
Erythropoiesis-derived polycythemia in utero can lead to neonatal symptomatic
blood hyperviscosity and is one cause of neonatal jaundice. These together
predispose the newborn to admission to a neonatal intensive care unit (Boulet et al.
2003).

Several studies concerning the influence of maternal hyperglycemia and
offspring risk for diabetes and obesity have been published. Children of women
with GDM have an eight-fold increased risk for prediabetes or diabetes, four-fold
increased risk for MetS and two-fold greater risk for being overweight (Clausen et
al. 2008, Clausen et al. 2009). A study of 970 women who had participated in the
HAPO study showed that maternal hyperglycemia is associated with the
offsprings’ risk for abnormal glucose tolerance, obesity and higher blood pressure
at 7 years of age (Tam et al. 2017). This association was independent of
prepregnancy BMI and being born LGA. The association of GDM with offspring’s
hypertension was confirmed by the recent study as well (Lu et al. 2019).
Furthermore, an elevated level of hs-CRP, a marker of low-grade inflammation, has
been detected in prepubertal children exposed to maternal GDM (Antikainen et al.
2018).

There are conflicting findings concerning adiposity and obesity in GDM
offspring, because some studies have demonstrated that the strong association of
GDM with childhood obesity deteorites after adjustment for maternal obesity
(Pirkola et al. 2010, Boerschmann et al. 2010). However, the HAPO Follow-up Study
(HAPO FUS) showed that GDM based on IADPSG criteria was associated with an
increased risk for obesity and other measures of adiposity such as sum of
skinsfolds, per cent body fat and waist circumference > 85t percentile in children
aged 10-14 years. (Lowe et al. 2018). Furthermore, the recent study conducted with
HAPO FUS participants demonstrated a positive continuous association between
maternal glucose levels during pregnancy and childhood adiposity outcomes
independent of maternal BMI, even at glucose levels below of the diagnostic
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thresholds for IADPSG-defined GDM (Lowe et al. 2019). Similarly, LGA infants
without exposure to maternal diabetes have greater childhood adiposity
(Hammami et al. 2001, de Zegher et al. 2014). The long-term risks of the offspring
being born LGA are likely due to increased in utero nutrition directly or via
epigenetic mechanisms (Ma et al. 2015). However, nutritional excess in utero leads
to accelerated fetal growth and fat accretion. Thus, the hypothesis of Pedersen-
Freinkel of accelerated fetal growth leading to long-term morbidity of the offspring
is still relevant (Pedersen 1952, Freinkel 1980) (Figure 3.) Whatever the reason for
higher birthweight (< 4000g) is, the offspring’s long-term risk for overweight and
overweight-related diseases is increased (Schellong et al. 2012).

2.2.4 Consequences of having an LGA newborn for maternal health

Due to fetal overgrowth, the labor can be prolonged or arrested and therefore end
with operative vaginal or cesarean delivery (Bjorstad et al. 2010). Vaginal delivery
of an atypically large baby increases the risk of vaginal lacerations and perineal
tears, and the risk of uterine atony is elevated (Bjorstad et al. 2010).

In women with normal glucose tolerance during pregnancy, an LGA delivery
does not increase the risk of future T2DM according to several studies (Spjuth et al.
1993, Tehrani et al. 2012, Moses et al. 1997, Kew et al. 2011). Only two studies have
reported an increased incidence of T2DM after an LGA delivery in women who
were normoglycemic during the pregnancy (James-Todd et al. 2013, Larsson et al.
1986). In these studies, however, GDM was not exluded appropriately among study
participants, which may explain the conflicting results. In addition, normoglycemic
women with an LGA delivery showed no differences in the waist circumference,
blood pressure, insulin sensitivity and p-cell function three months after delivery
(Kew et al. 2011). Moreover, studies adjusting for GDM have found no increased
risks for later cardiovascular disease, in women giving birth to an LGA infant
(Fraser et al. 2012, Bonamy et al. 2011).

Studies focusing on the risk of T2DM, MetS and CVD in women with a history
of GDM and delivery of an LGA infant are sparse. Several studies have explored
the risk of future T2DM or CVD risk after an LGA delivery by excluding the
women with dysglycemia during pregnancy. In a study of 12 153 women, women
with a history of delivering an LGA infant demonstrated a 1.44-fold higher risk of
developing diabetes in results adjusted only by family history of diabetes.
However, the gestational glucose status was not identified among study
participants. Thus, the individual risk of T2DM in GDM women with LGA infants
is not clear (Kabeya et al. 2013). A recent meta-analysis with nearly 100 000 women
reported that having macrosomic infant was not associated with maternal risk of
later developing T2DM independently of GDM and other risk factors
(Rayanagoudar et al. 2016).
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2.3 MATERNAL METABOLIC HEALTH AFTER GDM
PREGNANCY

After delivery, the majority of the women with GDM achieve normoglycemic status
shortly after delivery when effects of placental hormones evaporate. However,
based on chronic insulin resistance and usually obesity, they are at risk for
recurrence of GDM, prediabetic stages, T2DM, MetS, and cardiovascular diseases.
Therefore, a postpartum intervention for these women is needed to prevent or early
diagnose these conditions.

2.3.1 Recurrence risk of GDM

Women with prior GDM have the recurrence risk for GDM in subsequent
pregnancies. In a study including over 65,000 pregnancies, the risks of GDM in the
second pregnancy among women with and without previous GDM were 41.3% and
4.2%, respectively (Getahun et al. 2010). A recent meta-analysis revealed, that the
risk of recurrence is multifactorial, but the strongest association with recurrence
was related to insulin use, BMI, multiparity, macrosomia, and weight gain between
pregnancies (Schwartz et al. 2016).

2.3.2 Dysglycemia

Prediabetes is a hyperglycemic stage where blood glucose is abnormally high but
does not fulfil the criteria overt diabetes. It can manifest by impaired fasting
glucose (IFG) or impaired glucose tolerance (IGT). The diagnostic criteria are shown
in Table 3. Prediabetes (IFG, IGT or both) is present in up to 30% of women with a
history of GDM in two to three months postpartum (Retnakaran et al. 2008, Katon
et al. 2012), as well as many years postpartum (Lauenborg et al. 2004). Prediabetes
can be stable or progress to diabetes. This progression is influenced by the stage of
chronic insulin resistance and decreasing (3-cell function. Prediabetes has shown to
be associated with an increased risk of cardiovascular disease events in women
(Levitzky et al. 2008). With appropriate lifestyle interventions, this progression
could be prevented.

Table 3. The diagnostic criteria of prediabetes and diabetes

Fasting glucose (mmol/l) 2-hour postprandial glucose (mmol/l)
Normal <6.0 (WHO), < 5.5 (ADA) <78
IFG 6.1-6.9 (WHO), 5.6-6.9 (ADA) -
IGT - 7.8-11.0
Diabetes >7.0 >11.0

IFG=impaired fasting glucose; IGT=impaired glucose tolerance; WHO= World Health Organization;
ADA=American Diabetes Association
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T2DM is a metabolic disorder characterized by hyperglycemia, insulin resistance
and a relative defect in insulin secretion. Generally, the onset of T2DM is preceded
by a long-term prediabetic stage with nearly compensated hyperglycemia and
accelerated insulin secretion towards to insulin resistance. WHO and ADA have
defined diabetic thresholds (Table 4.) and required a single raised glucose value
with symptoms, or raised values on two occasions to fulfil the criteria (American
Diabetes Association 2011).

The prevalence of T2DM is increasing worldwide. Over the past three decades
the prevalence of T2DM has quadrupled, reaching 422 million people with T2DM
in 2014 globally (World Health Organization 2017). The highest prevalence of
T2DM is found among populations of Pacific Islanders, Asian Indians and Native
Americans (Unnikrishnan et al. 2017). It has been estimated, that 450,000 people
suffer from T2DM in Finland, and this number is predicted to increase in the future
(Diabeteksen ehkdisyn ja hoidon kehittamisohjelma, DEHKO 2000-2010. Tampere:
Suomen Diabetesliitto 2000.)

Several studies have investigated the risk of T2DM after GDM pregnancy.
According to the systematic reviews, women with previous GDM have a seven-fold
increased risk for later development of T2DM (Bellamy et al. 2009), and this risk is
related to lower degrees of glucose intolerance during pregnancy as well (Carr et al.
2008, Retnakaran and Shah 2009a). The cumulative incidence of T2DM varies from
2.6% to 70%, depending on the length of follow-up, populations and diagnostic
criteria of GDM (Kim et al. 2002). The incidence is markedly increased during the
first five years postpartum, reaching a plateau after 10 years according to a
systematic review based on 28 studies. After adjustment of confounders,
progression rates to T2DM after GDM diagnosis were similar among the reviewed
studies. Moreover, the recent the HAPO-FUS study revealed a five-fold and three-
fold increased risk for later development of T2DM and prediabetes, respectively,
among 4697 women with and without GDM diagnosed with IADPSG criteria after
a median follow-up of 11.4 years (Lowe et al. 2018). This study and studies included
to both systematic rewiews published by Bellamy and Kim consisted populations
with highly variable ethnicity. Therefore, studies in Caucasian populations
published since 2000 are summarized in Table 4.

The predictive risk factors for later T2DM after GDM pregnancy are obesity and
weight gain after pregnancy (Pirkola et al. 2010, Lauenborg et al. 2004,
Rayanagoudar et al. 2016), family history of diabetes (InterAct Consortium, Scott et
al. 2013, Rayanagoudar et al. 2016), non-Caucasian ethnicity and advanced
maternal age (Rayanagoudar et al. 2016). A prospective follow-up study of 1695
women revealed that women with BMI > 30.0 kg/m? at the time of GDM diagnosis
and weight gain > 5kg after pregnancy were at 43-fold increased risk for later T2DM
compared to woman with BMI < 25.9 kg/m? and weight gain <5 kg (Bao et al. 2015).
The severity of glucose intolerance during pregnancy has an influence on the T2DM
risk, appearing as early diagnosis of GDM (Baptiste-Roberts et al. 2009), elevated
fasting glucose (Rayanagoudar et al. 2016), increased HbAlc (Katon et al. 2012,
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Rayanagoudar et al. 2016, Claesson et al. 2017) and need for insulin during GDM
pregnancy (Rayanagoudar et al. 2016, Baptiste-Roberts et al. 2009, Lobner et al.
2006). The fasting glucose level on OGTT during pregnancy has been revealed to be
predictive for later T2DM in most studies (Damm et al. 1992, Rayanagoudar et al.
2016), although less often studied post-prandial glucose levels associates with this
risk as well (Rayanagoudar et al. 2016, Akinci et al. 2011). T2DM risk is increased
also in women with hypertensive disorders in pregnancy and GDM pregnancy
ending to preterm delivery (Rayanagoudar et al. 2016). The association with milder
forms of elevated blood pressure during late pregnancy has also been
demonstrated (Saramies et al. 2006). Furthermore, a second pregnancy in women
with previous GDM is associated with a three-fold increase in the risk of
developing T2DM reflecting that recurrent insulin resistant episodes can accelerate
the deteriorating of (3-cells (Peters et al. 1996).

The development of T2DM is characterized by a combination of several genetic
and lifestyle factors, and thus, the pathophysiology and phenotype of T2DM is very
heterogenous (Tuomi et al. 2014). Traditionally, the other forms of diabetes such as
LADA (Latent Autoimmune Diabetes in Adults) and MODY (Maturity-Onset
Diabetes of the Young) must be considered when the diagnosis of T2DM is made.
LADA is a common form of diabetes in which glutamic acid decarboxylase (GAD)
antibodies are detected, but progression to insulin dependency diabetes is slower
than classical type 1 diabetes (T1IDM) (Carlsson 2019). MODY is a monogenic
disorder that results in a familial, young-onset non-insulin dependent form of
diabetes, typically presenting in lean young adults or adolescence and is frequently
misdiagnosed as TIDM or T2DM (Kim 2015). Mody represent only a small fraction
of the all diabetes.

Because ethnicity affects the risk of GDM, it similarly reflects the prevalence of
T2DM in certain population. The association between common type 2 diabetes risk
gene variants and GDM has been discovered (Huopio et al. 2013, Lauenborg et al.
2009), and at least 36 diabetes-associated genes have been identified previously
(Herder and Roden 2011). The heritability of T2DM is well established. Individuals
with a family history of T2DM in any first-degree relative have a two to three-fold
increased risk of developing diabetes, and this risk increases significantly with a
biparental history of T2DM (InterAct Consortium, Scott et al. 2013, Meigs et al.
2000). However, the previously discovered 36 genes explain only about 10% of the
heritability, and additional studies are required concerning of hidden heritability
(Stancakova and Laakso 2016, Herder and Roden 2011).

In addition to genetic burden for insulin resistance and impaired insulin
secretion associated with T2DM, several lifestyle factors contribute to T2DM. The
prevalence of obesity is increasing worldwide. According to the WHO report from
the year 2014, worldwide obesity has more than doubled between 1980 and 2014
(World Health Organization 2016). Overall in 2014, about 15% of the world’s
women were obese (BMI >30 kg/m?) and 40% of women were overweight (=25
kg/m?). The corresponding prevalence figures in Finland were 20% and 46%,
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respectively, based on the FINRISK -health study in 2012 (Ménnisto et al. 2015).
Obesity causes peripheral resistance to insulin-mediated glucose uptake
(Bonadonna et al. 1990, Kolterman et al. 1980), and adipose tissue releases various
adipocytokines influencing insulin resistance (Jung and Choi 2014). The risk of
T2DM is increased with increasing body weight and insulin resistance (Mokdad et
al. 2003, Nguyen et al. 2011). Therefore, insulin resistance has been regarded as the
best predictor of T2DM (Lillioja et al. 1993). In addition to obesity, low physical
activity, western diet, smoking, excessive alcohol consumption and short sleep
duration increase the risk of T2DM (Reis et al. 2011).
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2.3.3 Metabolic syndrome

The metabolic syndrome is a cluster of risk factors predisposing to T2DM and CVD
(Alberti et al. 2009, Isomaa et al. 2001). These risk factors include insulin resistance,
hyperglycemia, dyslipidemia (raised triglycerides and lowered high-density
lipoproteins (HDL)), hypertension and central obesity. The condition predisposes to
endothelial dysfunction, proinflammation and prothrombotic state. All of these risk
factors contribute to the development of atherosclerosis and cardiovascular diseases
(Ridker et al. 2000).

The criteria for MetS have changed over time. The concept of the MetS was
described in the 1920s (Kylin 1923). After several modifications (Vague 1947,
Reaven 1988, Alberti and Zimmet 1998), currently there are five different criteria of
the MetS (Table 5). The most often used definition was proposed by the National
Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATPIII) (Alberti
et al. 2009), in which the MetS was defined as having at least three of five
cardiometabolic traits. The other widely used definition was released by the
International Diabetes Federation (IDF) in 2005 (Alberti et al. 2005) targeting to
identify people who are at risk for both CVD and T2DM and to endeavor to create a
definition to allow comparability of subsequent long-term studies. According to the
IDF, central obesity, specified by different cut-off points depending on ethnicity
and sex, is an obligatory trait with any of two other traits. In European women, the
risk of CVD has been shown to increase after exceeding the cut-off value for waist
circumference of 80cm used in the IDF definition (Lean et al. 1998).

The prevalence of MetS has varied in previous studies a result of different
definitions and different populations. The FINRISK survey carried out in the spring
1992 as part of the FINMONICA cardiovascular risk factor survey found that MetS
was present in 22.2% of middle-aged women according to the WHO criteria
(IHanne-Parikka et al. 2004). The Cardiovascular Risk in Young Finns study in 2007
observed a 15.9% prevalence of MetS in women 30-39 years of age according to the
IDF definition, and the prevalence increased during a six-year follow up as a result
increasing of waist circumference, glucose levels and blood pressure (Raiko et al.
2010). Obesity is a major metabolic trait of MetS, and the prevalence of MetS
increased to 64.8% of obese women in Finnish Health 2000- cohort according to
NCEP criteria (van Vliet-Ostaptchouk et al. 2014). A recent meta-analysis with
34 635 participants of both sexes in 21 studies observed a prevalence of MetS of
22.9% (Cuspidi et al. 2017). MetS was defined mostly by the NCEP, IDF and WHO
criteria. The studies included were distributed in three different geographical areas:
33.1% in Asia, 21.1% in Europe and 46.9% in America. Overall, 51.9% of all
participants were women, in whom the prevalence of MetS between studies varied
from 6 to 49%. As a consequence of the obesity epidemic, the prevalence of MetS is
increasing worldwide (Hu et al. 2008, World Health Organization 2016).
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Table 5. The currently used criteria of the metabolic syndrome.

Criterion Abdominal Blood Dyslipidemi Fasting Other
obesity Pressure a plasma
(mmHg) (mmol/l) glucose
(mmol/l)
WHO Dysglycemia BMI > > 140/90 TG=z=1.70or T2DMor Microalbu
1998 + 2 2 other components 30 kg/m? or HDL <1.0 IFG or minuria:
waist-to-hip IGT albumin
ratio > 0.85 excretion
=20
pg/min
EGIR Insulin resistance Waist280cm 2140/900or TG>170r 26.1
1999 defined as the top 25% medication HDL < 1.0

of the fasting insulin
values among
nondiabetic individuals
+ 2 2 other components

NCEP- =3 components Waist>88cm =2135/850r TG21.70r 26.1
ATP I medication HDL < 1.3
2001
AACE Impaired glucose BMI > = 130/85 TG=21.70r 6.1-7.0
tolerance 25 kg/m? HDL < 1.3
+ 2 2 other components
IDF Waist Waist>80cm = 130/85 TG=2170or =2560r
2006 + = 2 other components HDL <1.3 T2DM

WHO= The World Health Organization; EGIR= The European Group for Study of Insulin Resistance;
NCEP-ATP llI= The National Cholesterol Education Program Adult Treatment Panel Ill; AACE= The
American Association of Clinical Endocrinologists; IDF= The International Diabetes Federation; BMI=
body mass index; TG= triglycerides; HDL= high-density lipoprotein; T2DM= type 2 diabetes; IFG=
impaired fasting glucose; IGT= impaired glucose tolerance.

Insulin resistance is a widely accepted central mechanism in the
pathophysiology of MetS, and most of the syndrome traits are linked to insulin
resistance. When insulin resistance occurs, glucose uptake is impaired in insulin-
sensitive tissues, such as skeletal muscle, adipose tissue and liver, leading to
hyperglycemia and hyperinsulinemia. Central obesity is associated with increased
size of adipocytes and number of macrophages, which releases inflammatory
cytokines and adipokines, leading to low-grade inflammation and systemic insulin
resistance (Van de Voorde et al. 2013). Furthermore, the insulin sensitivity of large
adipocytes diminishes, leading to an influx of free fatty acids to the liver and
overproduction of VLDL and thus, dyslipidemia (Gastaldelli et al. 2010). The excess
of free fatty acids contributes to insulin resistance in muscle, liver and other tissues
(DeFronzo 2010). Insulin resistance alters vascular endothelial function, leading to
impaired vasodilatation and release of markers of endothelial damage (Manrique et
al. 2014). In persons with obesity or hypertension, activation of the renin-
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angiotensin-aldosterone system is present with systemic and vascular insulin
resistance (Manrique et al. 2014).

The pathophysiology of MetS and GDM share common factors: insulin
resistance, endothelial dysfunction and chronic inflammation (Di Cianni et al.
2007). Therefore, women with previous GDM are at increased risk for development
of MetS. The latest systematic review detected a four-fold increased risk for MetS in
women with previous GDM compared to women with a normal pregnancy, and
the risk of MetS was increased over five-fold if the women had higher BMI (Xu et
al. 2014). Several studies in Caucasian women have observed an association
between previous GDM and MetS (Table 6). In continuum, elevated levels of CRP
have been associated with T2DM, myocardial inflammation, stroke and peripheral
vascular disease (Ridker 2003) and make CRP a notable predictive marker of
cardiovascular diseases. Collectively, women with MetS are at increased risk for
cardiovascular diseases and mortality (Isomaa et al. 2001), suggesting that
screening may be worthwhile. Whatever the definition of MetS that is used, all
women share elevated risks for future ischemic stroke and coronary heart disease
according to six Finnish and Swedish studies, suggesting the need for preventive
measures for all MetS women (Qiao et al. 2009).
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2.3.4 Cardiovascular diseases

Cardiovascular diseases (CVD), such as heart disease, strokes and arteriosclerosis
obliterans, are remarkable causes of morbidity and mortality of the women
worldwide causing enormous health and economic burdens (Writing Group
Members, Mozaffarian et al. 2016). The increased risk for CVD associated with
T2DM and MetS, is well documented (Isomaa et al. 2001). Thus, women with
previous GDM with an increased risk for later T2DM and MetS also represent a risk
group for CVD. The pathogenic features related to these conditions, such as insulin
resistance and chronic inflammation, contribute to the development of
atherosclerosis over decades, leading later to CVD (Esser et al. 2015, Gast et al.
2012). Several studies concerning vascular health of women with prior GDM have
demonstrated increased vascular dysfunction (Bo et al. 2007), such as impaired
vasodilatation (Anastasiou et al. 1998) and greater vessel stiffness (Lekva et al. 2015)
as a part of the background pathophysiology of CVD.

Based on literature, CVD events occur at relatively young women who have had
GDM during pregnancy. Shah and colleagues compared over 8000 women with
GDM to over 80 000 women without GDM and showed a nearly doubled risk for
CVD in women with a mean age of 31 years and previous GDM and median
follow-up of 11 years (Shah et al. 2008). They concluded that CVD risk was mostly
explained by a higher incidence of T2DM in women with prior GDM. However,
Retnakaran and Shah compared nearly 57 000 of women with previous GDM with
or without subsequent T2DM and median age of 32. They found a hazard ratio 2.82
and 1.3 for CVD, respectively, when compared to women without GDM
(Retnakaran and Shah 2017). A recent systematic review and meta-analysis
including over 5 million women demonstrated that GDM is associated with a
twofold increased risk for cardiovascular events relatively young women and
incident T2DM did not affect this risk (Kramer et al. 2019). Moreover, the risk of
having cardiovascular event was 2.3-fold in the first decade after pregnancy. A
similarly increased risk for early CVD events within 7 years postpartum has been
documented in a nationwide study including nearly 63 000 women with previous
GDM (Goueslard et al. 2016). It has been also demonstrated that even mild glucose
intolerance below the diagnostic criteria of GDM during pregnancy increases the
risk of cardiovascular events in relatively young women in a study performed 12
years postpartum (Retnakaran and Shah 2009).

2.3.5 Follow-up and prevention of future morbidity

Although women usually return to normoglycemia after a GDM pregnancy, all
organizations worldwide recommend long-term follow-up after a GDM pregnancy
due to the increased long-term morbidity associated with this condition (American
Diabetes Association 2018, Metzger et al. 2007, Committee on Practice Bulletins-
Obstetrics 2018). Based on the Finnish Current Care Guidelines, all women with
insulin-treated GDM are advised to have OGTT 6-12 weeks after delivery, and
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women treated with diet therapy should have an OGTT one year postpartum.
Thereafter, all women with previous GDM should have a long-term follow-up at
the health center at intervals of one to three years (American Diabetes Association
2018, Committee on Practice Bulletins-Obstetrics 2018). These visits should include
an OGTT, blood lipid profile, measurements of blood pressure, BMI and waist
circumference as well as guidance on preventive lifestyle habits (Gestational
Diabetes: Current Care Guidelines, 2013). For reclassification of glucose status, an
OGTT is the most recommended test since its sensitivity is superior to a single
fasting glucose measurement (Ferrara et al. 2009) or HbAlc (Picon et al. 2012). In a
previous study, a fasting plasma glucose level alone detected only 15.8% of women
with abnormal glucose status postpartum (Reinblatt et al. 2006).

The risk of later T2DM, and evidently MetS and CVD, can be reduced in a high-
risk population with healthy diet, regular exercise and weight loss (Tuomilehto et
al. 2001). The Diabetes Prevention Program (DPP) demonstrated that the risk of
later T2DM was halved in the intensive lifestyle therapy group compared to
placebo group three years after randomization in women with impaired glucose
tolerance after GDM pregnancy (Ratner et al. 2008). Recently, the subsequent
results from DPP were published (Aroda et al. 2015). Ten years after lifestyle
intervention, the progression of T2DM was still reduced by 35% in women with
previous GDM compared to placebo group. Overall, women with prior GDM and
no intervention had a 48% higher risk of developing T2DM. Similarly, in recent
review of intervention studies, the pooled estimate of absolute risk reduction of
T2DM was significant with any lifestyle intervention starting up till one year
postpartum compared with no intervention (Pedersen et al. 2017). Breastfeeding is
beneficial among women with a history of GDM, because studies have reported a
lower incidence of T2DM (Stuebe et al. 2005, Tanase-Nakao et al. 2017) and MetS
(Gunderson et al. 2010) with longer and exclusive lactation. Breastfeeding also
helps women to achieve prepregnancy weight (Dewey et al. 1993).

There is some evidence that pharmacotherapy could diminish the progression
rate to T2DM especially in women with previous GDM. According to the DPP -
study, metformin treatment halved the risk of later T2DM compared to women
without GDM history after three years of randomization. In a subgroup of women
without GDM, metformin treatment reduced T2DM risk only by 14% compared to
placebo group (Ratner et al. 2008). This study concluded that metformin may be
more effective in glucose intolerant women with previous GDM than in those
without. Similarly, the post-hoc analysis of the DPP demonstrated that metformin
treatment significantly reduced the risk of T2DM only in those subjects with the
highest risk for diabetes, whereas lifestyle interventions were consistent across the
T2DM risk levels (Sussman et al. 2015). According to the American Diabetes
Association guidelines, metformin is a choice of treatment in women with previous
GDM, in addition to a healthy lifestyle (American Diabetes Association 2017).

The intensity of intervention can be personalized according to the individual’s
risk profile for T2DM. A recent study of nearly 96 000 women with prior GDM
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demonstrated that the factors associated with increased risk for T2DM include BMI,
family history of diabetes, non-white ethnicity, advanced maternal age, multiparity,
hypertensive disorders during pregnancy and preterm delivery (Rayanagoudar et
al. 2016). However, the strongest predictive factors were early diagnosis of GDM,
elevated fasting glucose, increased HbAlc and use of insulin. The authors
concluded that postnatal counseling should be personalized according to the risk of
later T2DM.

The preventive measures should be offered shortly after GDM pregnancy,
because the incidence of T2DM tends to increase during the first five years
postpartum and then after 10 years appears to plateau (Kim et al. 2002). Moreover,
the risk for cardiovascular events is 2.3-fold higher in GDM women in the first
decade after delivery, suggesting a unique opportunity for primary prevention of
CVD in young women (Kramer et al. 2019). A review concerning barriers of healthy
lifestyle after GDM pregnancy illustrated a poorer impact of intervention trials that
were started during pregnancy or early postpartum (Nielsen et al. 2014).
Furthermore, an important barrier in postpartum could be the role of being a new
mother; the lack of time, feeling overwhelmed and possible emotional distress in
postpartum. Another plausible reason is that this relatively young group of women
underestimates their risk for T2DM since they feel healthy. Therefore, it could be
preferable to carry out interventions after the first postpartum months.

In practice, compliance with follow-up visits after GDM pregnancies is far from
optimal. Several studies throughout the world have shown that only part of these
women have undergo an OGTT after a GDM pregnancy. This inadequate
compliance with follow-up is a significant global problem (Ferrara et al. 2009,
Chamberlain et al. 2015, Shah et al. 2011, Benhalima et al. 2016). Bernstein and
colleagues found a remarkable failure in postpartum follow-up, where among
nearly 13 000 women, only 21.8% underwent at least one glucose test by the end of
the first year and 51% by the third year after delivery (Bernstein et al. 2017). Of
those women, 48% had an OGTT and only 24% had optimal care, i.e. a primary care
visit in addition to glucose testing. They concluded that a linkage between
maternity clinics and primary care should be strengthened to avoid missed
prevention opportunities. Another recently published study demonstrated that 75%
of over 32 000 women with previous GDM were not tested for diabetes within one
year after the index pregnancy (Eggleston et al. 2016). Fortunately, the latest studies
report a slow increase in screening rates after GDM pregnancy over the past
decades (Eggleston et al. 2016, Ferrara et al. 2009, Shah et al. 2011).
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3 AIMS OF THE STUDY

The overall aim of this study was to investigate the long-term morbidity of women
with previous GDM in the North Savo region and acquire information for
counseling these women after pregnancy.

The specific aims of this study were:
1. To define the incidence of T2DM among women with previous GDM after
a long-term follow-up and determine the optimal thresholds of an OGTT

performed during the pregnancy to predict later T2DM. (Publication I)

2. To investigate the incidence of MetS and its components in women with a
history of GDM. (Publication II)

3. To explore the effect of delivery of an LGA infant on the maternal risk for
later development of T2DM. (Publication III)

4. To determine the association between delivery of an LGA infant and the
later risk of maternal MetS. (Publication IV)
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4 POST-CHALLENGE GLYCEMIA DURING
PREGNANCY AS A MARKER OF FUTURE
RISK OF TYPE 2 DIABETES: A
PROSPECTIVE COHORT STUDY

41 ABSTRACT

The aim of this study was to evaluate the glycemic measures from an oral glucose
tolerance test (OGTT) during pregnancy as predictors of incident type 2 diabetes
mellitus (T2DM). Patients diagnosed with gestational diabetes mellitus (GDM)
were divided into two groups according to the results of OGTT: one abnormal
value = GDM1 (n=338) and two abnormal values = GDM2 (n=151), while women
with normal glucose tolerance served as controls (n=385). Glucose tolerance was re-
evaluated with an OGTT in a follow-up study (average follow-up time 7.3 + 5.1
years). The incidence of T2DM after ten years follow-up increased progressively by
the degree of the glycemic abnormality during pregnancy: 0.8 % in controls, 3.8 %
in GDM1 (adjusted HR 17.6, 95% CI 1.9-162.5) and 25.0 % in GDM2 (adjusted HR
72.9, 95% CI 9.6-553.7), respectively (p= < 0.0001). The risk of T2DM is significantly
increased in women with two or more abnormal values in OGTT during pregnancy.
Post-challenge glucose levels in OGTT were the best predictors the incident T2DM
in ROC analysis and they therefore identify the greatest risk group for targeted
prevention of T2DM after GDM.

! Adapted with permission of Taylor & Francis from: Hakkarainen H, Huopio H, Cederberg H,
Padkkonen M, Voutilainen R, Heinonen S. Post-challenge glycemia during pregnancy as a marker of
future risk of type 2 diabetes: a prospective cohort study. Gynecol Endocrinol. Jul;31(7):573-7, 2015.

The table and figure numbers are modified from original publication to correspond sequential numbers
of this thesis.
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4.2 INTRODUCTION

Gestational diabetes mellitus (GDM), defined as abnormal glucose tolerance
detected for the first time in pregnancy (American Diabetes Association 2011), is a
well-known risk factor for impaired fasting glucose (IFG) and type 2 diabetes
mellitus (T2DM). GDM and T2DM share several of the same risk factors including
age, body mass index (BMI), family history of diabetes and genetic factors (Kim et
al. 2002, Huopio et al. 2013). The incidence of GDM has varied between different
studies reflecting the different diagnostic criteria, populations and ethnic groups,
but is estimated to affect approximately 7% of all pregnancies (ranging from 1 to
14%) (American Diabetes Association 2011). In Finland, the prevalence of GDM was
12.7% in 2012 (The national Institute for Health and Welfare, Finland. Finnish
Medical Birth Register 2012). Both the incidence of GDM and T2DM are on the
increase globally, with a significant impact on health care and economic costs (Hunt
and Schuller 2007).

In a recent review (Bellamy et al. 2009), GDM was associated with a seven-fold
increased risk of developing T2DM after the pregnancy, as compared to
normoglycemic pregnancy. The range of the cumulative incidence of T2DM has
varied as much as from 2.6% up to 70% (Kim et al. 2002), largely explained by
different follow-up times and ethnic groups evaluated in the studies.

The Hyperglycemia and Adverse Pregnancy Outcome (HAPO) study has shown
that the risk of perinatal disorders increases continuously when maternal plasma
glucose levels increase even before it fulfills the criteria of overt GDM (HAPO
Study Cooperative Research Group, Metzger et al. 2008). However, whether fasting,
1-h and 2-h post-challenge glycemia in an oral glucose tolerance test (OGTT) during
pregnancy differ in the associated risk of future T2DM is not well known. To this
aim, we evaluated fasting and post-challenge glycemia during OGTT in pregnancy
as predictors of incident maternal T2DM later in life in a prospective follow-up
setting of 874 women, and furthermore determined the optimal cutoff points for the
three different glucose levels of OGTT in predicting future T2DM.

4.3 METHODS

4.3.1 Desing, setting and population

The hospital register-based cohort study included patients whose pregnancies were
treated in Kuopio University Hospital, Finland, between 1989 and 2009. All patients
who had OGTT during pregnancy within the time period were contacted by a letter
and invited for the study. A total of 489 patients with GDM and 385 controls with
normal OGTT during pregnancy attended the follow-up study. All participants
gave written informed consent. Patients were classified based on the OGTT during
pregnancy as normoglycemic controls, GDM with one abnormal value in OGTT
(GDM1) (n = 338) and GDM with two or more abnormal values in OGTT (GDM2)
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(n = 151). Patients with overt T2DM at the time of pregnancy, type 1 diabetes
diagnosed after index pregnancy and multiple pregnancies were excluded to
eliminate confounding factors.

4.3.2 Data collection during pregnancy

Patients were considered to be at risk of GDM and underwent a 2-h OGTT (75 g
glucose dose after overnight fasting) if one or more following factors were present:
age over 40 years, BMI 225 kg/m?, prior GDM, previous delivery of a macrosomic
infant, glucosuria, and suspected fetal macrosomia in the current pregnancy. The
diagnostic criteria of GDM were as follows: until September 2001 lower limits of
abnormal fasting, 1-h and 2-h capillary whole-blood glucose were 4.8, 10.0 and 8.7
mmol/l and since September 2001 lower limits of fasting, 1-h and 2-h capillary
plasma glucose were 4.8, 11.2 and 9.9 mmol/l. For patients with more than one
delivery during the study period, the first pregnancy with abnormal OGTT was
selected as the index pregnancy. The information on the large for gestational age
(+2 SD) was based on the register-based Finnish data (Sankilampi et al. 2013).

4.3.3 The follow-up study

Participants were recruited into the follow-up study between 2006 and 2009 (Figure
6). To study the glucose tolerance after the pregnancy, the participants underwent a
2-h OGTT (75 g of glucose). T2DM was defined according to American Diabetes
Association (ADA) recommendations: fasting plasma glucose =7 mmol/l or 2-h
plasma glucose >11.1 mmol/l. Fasting plasma glucose between 5.6 and 6.9 mmol/l
was defined as impaired fasting plasma glucose (IFG) (American Diabetes
Association 2011). Women who had been diagnosed with T2DM during the follow-
up time (N=15) did not undergo an OGTT.

Height was measured in meters and weight in kilograms to one decimal place.
Body mass index (BMI) was calculated as weight (kg) divided by the height (m)
squared.

The study population was divided to three groups by the length of the follow-
up time (the time between the abnormal result in OGTT during the index
pregnancy and the follow-up study visit): less than 5 years, 5-10 years and after 10
years.

4.3.4 Laboratory determinations

Plasma glucose was measured by enzymatic hexokinase photometric assay
(Konelab Systems reagents; Thermo Fischer Scientific, Vantaa, Finland). Insulin was
determined by immunoassay (ADVIA Centaur Insulin IRI no. 02230141; Siemens
Medical Solutions Diagnostics, Tarrytown, NY). HbAlc was measured using the
high-performance liquid chromatography assay (TOSOH G7 glycohemoglobin

59



analyzer, Tosoh Bioscience, Inc., San Francisco, CA), calibrated to calibrated to
direct-current current transformers (DCCT) standard.

Study population
n=874
|

Controls GDM patients
n=385 n=489

|
N | 1
Follow-up time 1 abnormal value 2 abnormal values
<5yrs — in OGTT in OGTT
L n=134 ) n=338 n=151
7\ ( 7\ ( 7\
Follow-up time Follow-up time Follow-up time
5-10 yrs — <5yrs — = <5yrs
L n=119 ) L n=220 ) L n=48 )
1\ ( 1\ 4 1\
Follow-up time Follow-up time Follow-up time
>10 yrs — 5-10 yrs — = 5-10 yrs
L n=132 ) L n=92 ) L n=47 )
7\ ( 7\
Follow-up time Follow-up time
>10 yrs — — >10 yrs
L n=26 ) L n=56 J

Figure 6. Flowchart of the study population.

4.3.5 Statistical analyses

The statistical analyses were conducted using SPSS version 19 (SPSS Inc., Chicago,
IL). The value of p < 0.05 was considered statistically significant. Results were given
as the mean + SD or number of cases and percentages. Statistical differences in
categorical variables between the patients with GDM and controls were evaluated
using X2 test. Anthropometric and biochemical continuous variables were analyzed
using Student’s t-test, and log-transformed variables were used to correct for their
skewed distribution when appropriate. Cox regression analysis was used to assess
the effect of various factors on the risk for later development of T2DM and hazard
ratios (HR) with 95% confidence intervals (Cls) were calculated. Receiver operating
characteristic (ROC) curve was generated to determine predictability of fasting, 1-h
and 2-h plasma glucose in the OGTT of the index pregnancy for the subsequent
development of T2DM. Furthermore, the most adequate glycemic cutoff levels with
maximum sensitivity and specificity were determined with ROC curve for the
incident T2DM. Since the diagnosis of GDM was made based on different criteria
depending on the origin of the blood during the data collection, a correlation
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coefficient was used to convert all values to plasma venous values. The correlation
coefficient was based on the information from the department of clinical chemistry
at Kuopio University Hospital. This study was approved by the local Ethics
Committee of the Kuopio University Hospital in accordance with the Helsinki
Declaration.

4.4 RESULTS

Clinical characteristics of the patients with GDM (N=489) and the controls (N=385)
at prepregnancy and in index pregnancy are shown in Table 7. The patients with
GDM were older, more overweight and parous than the controls. However,
patients with GDM gained less weight during pregnancy than the controls and
there were no statistically significant differences in the mean birth weight of the
newborn child between the groups.

Age, BMI and the results of OGTT stratified by GDM status at the index
pregnancy (controls, GDM1, GDM2) and by the duration of follow-up time are
shown in Table 8. Minimum follow-up time was 0.5 years and maximum 19.3 years.
Overall, the glucose and insulin levels were higher in the patients with a history of
GDM as compared to the controls, and glucose abnormalities were more severe in
the GDM2 patients than the GDM1 patients.
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Table 7. Clinical characteristics of controls and GDM patients at prepregnancy and in index

pregnancy
Controls GPM 1 GPM 2
patients patients p p*
% % %
Number of patients 385 338 151
Prepregnancy risk factors
Age < 18 yrs 0.3 0 0 1.000 1.000
Age > 35 yrs 14.2 28.8 34.0 <0.0001 <0.0001
Nulliparity 54.7 35.9 37.9 <0.0001 <0.0001
Spontaneous abortion 16.1 22.3 235 0.037 0.043
Prior cesarean section 7.0 6.5 15.0 0.803 0.004
Time since previous delivery = 6 yrs 25.5 23.6 31.7 0.655 0.240
Pregravid BMI > 25 kg/m? 322 47.7 57.8 <0.0001 <0.0001
Not married 33.4 40.9 34.0 0.036 0.900
Self-reported infertility 6.2 8.9 111 0.171 0.053
Smoking (>5 cigarettes/d) 15.0 20.2 21.7 0.067 0.060
Alcohol consumption 48.9 42.5 39.9 0.084 0.057
z::iig:t:uar:;:::slgﬁgztics of the Mean + SD Mean + SD Mean + SD p p*
Maternal age (yrs) 295+53 31.7+59 32.7+57 <0.0001 <0.0001
Maternal BMI (kg/m?) 29.3+4.0 31.0+4.7 30.7+45 <0.0001 <0.0001
Maternal weight gain (kg) 13.7+4.9 12.8+6.0 10.8 £6.0 0.065 <0.0001
Preeclampsia (%) 23 6.2 4.6 0.009 0.169
Female fetus (%) 49.0 44.8 49.0 0.264 0.991
Gestational age (d) 279+ 11 278 £ 10 278 £ 10 0.232 0.141
Birth weight (g) 3581 + 571 3637 £ 571 3671 + 531 0.190 0.089
Large for gestational age (+2SD) (%) 4.4 5.9 5.9 0.351 0.470
Placental/fetal weight ratio (%) 17.8+6.6 17.3+£2.8 17.8£3.4 0.379 0.569
Low Apgar score 5 min <7 (%) 0 1.8 2.0 0.010 0.023

GDM1 = patients with one abnormal value in OGTT during pregnancy; GDM2 = patients with two or

more abnormal values in OGTT during pregnancy; BMI = body mass index
p, compared controls to GDM patients with one abnormal value in OGTT (GDM 1)
p*, compared controls to GDM patients with two or more abnormal values in OGTT (GDM 2)
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Table 8. Glucose tolerance and insulin levels in OGTT at the follow-up.

Follow-up Controls GDM 1 GDM 2
time Mean + SD Mean * Mean * P p*
(years) B SD SD
Number of patientst 385 338 153
Age at follow-up <5 349+59 348+6.1 349+6.2 0.772 0.968
5-10 36.9+54 382+58 41.2+56 0.090 <.0001
>10 43.2+43 435+71 459+56 0.981 0.002
BMI (kg/m?) <5 27.2+4.7 281+54 299+56 0.142 0.002
5-10 26.5+4.9 27.3+51 29.6+5.1 0.212 <.0001
>10 26.9+5.0 286+57 28.8+6.0 0.133 0.031
Fasting plasma <5 54+0.4 55+0.5 56+04 0.039 0.001
5-10 5304 55+04 58+0.6 <.0001 <.0001
>10 53+04 56+0.5 59+0.7 <.0001 <.0001
30-min plasma <5 72+15 76+1.6 88+1.6 0.020 <.0001
5-10 69+14 7.7+15 9.0+£2.0 0.001 <.0001
>10 7117 8.0+1.8 9.2+1.9 0.030 <.0001
2-h plasma glucose <5 55+1.1 57+1.3 6.7+1.8 0.066 <.0001
5-10 54+1.0 58+13 6.2+1.9 0.020 0.049
>10 56+1.4 6.0+1.4 72+3.0 0.205 <.0001
Fasting plasma <5 93+46 11794 122+74 0.009 0.017
5-10 9.4+81 10.1+£59 129+538 0.155 0.001
>10 8.6+53 98+56 11.4+6.3 0.243 0.007
30-min plasma <5 63.9+34.2 80.3 + 715+ 0.026 0.235
5-10 63.7+42.9 66.8 + 70.2 + 0.792 0.291
>10 61.9+37.9 55.0 + 62.7 £ 0.579 0.919
2-h plasma insulin <5 38.6 £25.4 496 + 61.9 + 0.025 <.0001
5-10 40.2 £40.7 412+ 62.7 £ 0.455 0.063
>10 41.5+ 371 491 + 52.0 + 0.381 0.130

GDM1 = patients with one abnormal value in OGTT during pregnancy; GDM2 = patients with two
abnormal values in OGTT during pregnancy; BMI = body mass index.

The bolded values are considered statistically significant.

p, compared controls to GDM patients with one abnormal value in OGTT (GDM 1).

p*, compared controls to GDM patients with two or more abnormal value in OGTT (GDM 2).

tPatients diagnosed with type 2 diabetes during the follow up time (n=15) were not included in OGTT.

The incidence of IFG and T2DM after the index pregnancy is shown in Figure 7.
Subsequent to 10 years’ follow-up, the incidence of IFG appeared to increase in the
GDM1 and GDM2 groups, whereas the incidence decreased in the control group.
The incidence of T2DM increased with time: from 0.5% and 8.3% < 5 years after
index pregnancy to 2.2% and 12.8% at 5-10 years, and up to 3.8% and 25.0% > 10
years of follow-up in GDM1 and GDM2 groups, respectively. The incidence of
T2DM was significantly greater in GDM2 versus controls (p < 0.0001) but not in
GDM1 versus controls. The HR for incident T2DM in GDM1 patients compared to
the controls was 17.6 (95% CI 1.9-162.3) after adjustment for BMI, age and follow-
up time. The corresponding risk of the GDM2 group was 72.9 (CI 9.6-553.7). When
BMI was considered as a continuous variable, the probability of future T2DM rose
by 14.6% along with the increase of every BMI unit in the patients with abnormal
OGTT during pregnancy, but not in the controls.
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Figure 7. The incidence of T2DM and IFG among the study groups at the follow-up study in

categories of follow-up time.

Figure 8 shows the ROC curves for fasting, 1-h and 2-h plasma glucose during
pregnancy in predicting T2DM. Post-challenge glucose levels had the highest area
under the ROC curve (1-h plasma glucose 0.893 and 2-h plasma glucose 0.889) and
fasting plasma glucose the smallest area (0.783). Optimal cutoff points for glycemia
during pregnancy with maximum sensitivity and specificity for predicting incident
T2DM at the follow-up are shown in Table 9.
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Figure 8. Receiver operating characteristics (ROC) curves for fasting plasma glucose, 1-h
plasma glucose and 2-h plasma glucose measures for predicting future T2DM.

Table 9. Performance of maximum sensitivity and specificity cutoff points for fasting plasma
glucose (FPG), 1-h plasma glucose (1-h PG) and 2-h plasma glucose (2-h PG) in predicting
future T2DM compared to the diagnostic criteria of the Finnish Current Care and criteria of
the International Association of the Diabetic Pregnancy Study Groups (IADPSG).

FPG 1hPG  2hPG AN
(mmol/l) (mmol/l) (mmolll) the limit
The cutoff points of maximum sensitivity and specificity
Cutoff point 4,55 9,55 7,92 560
Sensitivity 0,966 0,931 0,862 0,966
Spesificity 0,443 0,753 0,850 0,370
The Finnish Current Care criterion
Cutoff point 53 10,0 8,6 307
Sensitivity 0,448 0,828 0,724 0,966
Spesificity 0,844 0,804 0,904 0,670
The IADPSG criterion
Cutoff point 5,1 10,0 8,5 386
Sensitivity 0,655 0,828 0,724 0,966
Spesificity 0,729 0,804 0,898 0,576

FPG, fasting plasma glucose; 1-h PG, 1-h plasma glucose in oral glucose tolerance test; 2-h PG, 2-h
plasma glucose in oral glucose tolerance test; IADPSG, The International Association of the Diabetic
Pregnancy Study Groups.
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4.5 DISCUSSION

In our prospective long-term study of women with and without GDM, elevated
post-challenge glucose levels during pregnancy were the strongest predictors of
incident T2DM. A total of 25% of the GDM2 patients developed incident T2DM
after 10 years follow-up. The difference between the GDM2 and GDMI1 patients
was remarkable, with two or more abnormal values in OGTT during pregnancy
being associated with a 72.9-fold increased risk of T2DM, even after the adjustment
with BMI, age and follow-up time. The patients with normal OGTT during
pregnancy had a 0.8% risk of incident T2DM only, after the 10-year period; even
though the risk based GDM screening placed them in the high risk group during
pregnancy. However, one in five of the controls had IFG after the 10-year follow-up
period. Finally, we found that the currently used plasma glucose cutoffs (fasting
5.3, 1-h 10.0 and 2-h 8.6 mmol/l) for the diagnosis of GDM appear to be highly
sensitive in predicting the risk of overt disease after a 10-year period, since only
0.8% of the T2DM cases occurred among controls. Collectively, OGTT during
pregnancy appeared to be a good marker of future T2DM risk despite of other risks.

GDM is an important risk factor for abnormal glucose tolerance after pregnancy,
and this group is easy to recognize by screening during pregnancy. Thus,
development of abnormal glucose tolerance later in life can largely be prevented by
means of targeted intervention to this patient group after GDM pregnancy. T2DM
and GDM share several common risk factors: obesity, history of abnormal glucose
tolerance, diabetes in a first-degree relative, and membership in an ethnic group
with a high risk of T2DM (Kim et al. 2002). There are also studies concerning the
genetics of GDM and its association with T2DM (Huopio et al. 2013, Lauenborg et
al. 2009, Robitaille and Grant 2008). The prevalence of GDM in a population is
reflective of the prevalence of T2DM in that population. The patients who have
obesity, early diagnosis of GDM before 24 weeks of gestation, high pregnancy
OGTT blood glucose or insulin-therapy during pregnancy are at the greatest risk
for having T2DM after GDM. A recent study also found that higher HbAlc at GDM
diagnosis is associated with increased risk of abnormal postpartum glucose
tolerance (Katon et al. 2012).

Our findings largely agree with previously published studies of GDM and risk
of T2DM later in life. Previous studies have reported the risk of incident T2DM
after a GDM pregnancy to range from 3.6 to 38.38 in Caucasian women (Albareda et
al. 2003, Jarvela et al. 2006, Linne et al. 2002, Madarasz et al. 2008, Aberg et al. 2002).
A recent systematic review and meta-analysis reported a seven-fold higher risk for
diabetes manifestation in participants with a GDM history (Bellamy et al. 2009).

Other studies have shown that prepregnancy overweight is associated with
increased risk for diabetes (Rosenberg et al. 2003, Pirkola et al. 2010). Especially
prepregnancy overweight (BMI > 25 kg/m?2) and IFG postpartum were identified as
independent predictors of future diabetes (Lauenborg et al. 2004). Such
independent risk of overweight was not seen clearly in our study where the
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probability of future T2DM rose by 14.6% along with the increase of every BMI unit
in the patients with abnormal OGTT during pregnancy, but not in the controls. In
other words, the role of maternal overweight for the development of T2DM was not
independent of abnormal OGTT during pregnancy in the present study. The
overweight prevalence in this study was similar to that reported in Finland among
pregnant patients according to the Finnish Medical Birth Register (The national
Institute for Health and Welfare, Finland. Finnish Medical Birth Register 2012).

The strengths of the study include the long-term follow-up of well-characterized
cohort of women and the similar treatment received by all participants with GDM
during pregnancy. To our knowledge, this is the first study to evaluate a cohort of
women with GDM in the more detailed subgroups of glycemia during pregnancy.
The range of follow-up times was rather large, and address to this the analyses
were done in subgroups according to different follow-up times.

4.6 CONCLUSION

Taken together, our study shows that elevated post-challenge glucose levels in
OGTT during pregnancy are the best predictors of the future T2DM. Moreover, the
patients with two or more abnormal values in OGTT are at significantly increased
risk for the development of T2DM as compared to those with only one abnormal
value in OGTT. Therefore, the importance of OGTT during pregnancy to screen
GDM cannot be overemphasized. Overall, patients with previous GDM represent a
potential target group for intervention to delay or prevent the development of overt
diabetes.
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5 THE RISK OF METABOLIC SYNDROME IN
WOMEN WITH PREVIOUS GDM IN A LONG-
TERM FOLLOW-UP?

5.1 ABSTRACT

The aim of this study was to evaluate the incidence of the metabolic syndrome
(MetS) during long-term follow-up of women with gestational diabetes (GDM).
Furthermore, we evaluated the glycemic measures from an oral glucose tolerance
test (OGTT) during pregnancy as predictors of incident MetS. Women diagnosed
with GDM were divided into two groups according to the results of OGTT: one
abnormal value = GDM1 (n=338) and two abnormal values = GDM2 (n=151), while
women with normal glucose tolerance (n=385) served as controls. MetS and its
components were evaluated in a follow-up study (mean follow-up time 7.3 + 5.1
years) according to the International Diabetes Federation (IDF) criteria. Fasting
plasma glucose in OGTT was the best predictor of incident MetS in ROC (area
under the curve) analysis. The incidence of MetS during a < 5-year follow-up was
22.2% in controls, 39.3 % in GDM1 and 60.4 % in GDM2; and > 10-year follow-up
24.2%, 46.2 % and 62.5 %, respectively. In controls and GDM2, the incidence of
MetS remained nearly constant during the follow-up, whereas in GDM1 it
increased. In conclusion, already mild gestational glucose intolerance may progress
to MetS and therefore merits intervention measures to prevent future
cardiovascular disease.

2 Adapted with permission of Taylor & Francis from: Hakkarainen H, Huopio H, Cederberg H,
Padkkonen M, Voutilainen R, Heinonen S. The risk of metabolic syndrome in women with previous
GDM in a long-term follow-up. Gynecol Endocrinol. Nov;32(11):920-925, 2016.

The table and figure numbers are modified from original publication to correspond sequential numbers
of this thesis.
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5.2 INTRODUCTION

Gestational diabetes mellitus (GDM), a common and increasing medical
complication, is defined as “any degree of glucose intolerance with onset or first
recognition during pregnancy’’ (Metzger et al. 2007). The incidence of GDM varies
among studies due to different diagnostic criteria, populations and ethnic groups,
but it is estimated to be approximately 7% in all pregnancies (ranging from 1% to
14%) (American Diabetes Association 2011). In Finland, the prevalence of GDM in
2012 was 12.7% based on the National Medical Birth Register (The national Institute
for Health and Welfare, Finland. Finnish Medical Birth Register 2012). GDM has
been linked to subsequent high risk of type 2 diabetes mellitus (T2DM), metabolic
syndrome (MetS) and cardiovascular diseases (CVD) (Lauenborg et al. 2005, Kim et
al. 2002, Bellamy et al. 2009, [jas et al. 2013, Fraser et al. 2012), altogether posing a
heavier burden to society. Therefore, pregnancy offers an opportunity to identify
women at risk for these conditions.

The MetS represents a cluster of risk factors predisposing to leading CVD and
T2DM (Alberti et al. 2009). Central factors in the pathogenesis of MetS are insulin
resistance, hyperglycemia, visceral obesity, hypertension and dyslipidemia. Various
diagnostic criteria for MetS have been proposed by different organizations over the
past decade; the main difference arising from the measure of central obesity. The
recent “harmonized’” version suggests that national or regional cut points for waist
circumference can be used (Alberti et al. 2009).

With GDM have at least a seven-fold increased risk of developing type 2
diabetes compared with those who have had normal glycemic control (Bellamy et
al. 2009). Pre-diabetic stages after a GDM pregnancy are also frequent (Huopio et al.
2014). We recently showed that elevated post-challenge glucose levels in an oral
glucose tolerance test (OGTT) during pregnancy were the best predictors of
incident T2DM, and two abnormal values in OGTT were at significantly increased
risk for developing T2DM compared to those with only one abnormal value in
OGTT (Hakkarainen et al. 2015). However, whether the OGTT reflects a similar
gradual increase in future risks of MetS and thus CVD, is not known.

To this aim, we evaluated the incidence of MetS and its components in women
with previous GDM using the International Diabetes Federation (IDF) 2005 criteria
(Alberti et al. 2005). Moreover, we compared plasma glucose levels during different
time points of OGTT during pregnancy as predictors subsequent MetS.

5.3 METHODS

5.3.1 Desing, setting and population

This hospital register-based cohort study included patients whose pregnancies
were treated in Kuopio University Hospital, Finland, during 1989-2009. The study
protocol has been described in detail previously (Hakkarainen et al. 2015). All
women who had OGTT during pregnancy were contacted by a letter and invited
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for the study. A total of 874 women responded. The subjects were categorized
based on the OGTT results during pregnancy as normoglycemic controls (n = 385),
women with one abnormal value in OGTT (GDM1) (n = 338) and those with two or
more abnormal values in OGTT (GDM2) (n = 151). The hospital register included
data on maternal characteristics and pregnancy risk factors, complications,
pregnancy outcome and the neonatal period of the offspring. The women with
overt T2DM at the time of pregnancy or TIDM diagnosed after the index
pregnancy, and those with multiple pregnancy were excluded to eliminate
confounding factors.

5.3.2 Data collection during pregnancy

In Finland, cost-free maternity care is offered to all pregnant. The women
considered to be at risk of GDM underwent a 2-h OGIT (75 g glucose after
overnight fasting) between the 24th and 28th weeks of gestation if one or more
following factors were present: age over 40 years, BMI > 25 kg/m2, prior GDM,
previous delivery of a macrosomic infant (birth weight > 4500 g), glucosuria,
suspected fetal macrosomia in the current pregnancy. The diagnostic criteria of
GDM were as follows: until September 2001 the lower limits of abnormal fasting, 1-
h and 2-h capillary whole-blood glucose 4.8, 10.0 and 8.7 mmol/l and since
September 2001 the lower limits of fasting, 1-h and 2-h capillary plasma glucose 4.8,
11.2 and 9.9 mmol/l as per contemporary guidelines. For women with more than
one delivery during the study period, the first pregnancy with abnormal OGTT was
selected as the index pregnancy. The patients with GDM were seen regularly in
Kuopio University Hospital Maternity Clinic and they received dietary advice,
regular blood glucose monitoring and insulin treatment when necessary.

5.3.3 The follow-up study

The participants were recruited to the follow-up study between 2006 and 2009, as
shown in the flow chart (Figure 9). The participants underwent a 2 h OGTT (75 g of
glucose) and routine laboratory test, body composition and blood pressure
measurements, and answered to a questionnaire concerning their family history
and health behavior (Hakkarainen et al. 2015). MetS was diagnosed by waist
circumference 280 cm, and at least two of the following four criteria met according
to the IDF 2005 criteria (Alberti et al. 2005): blood pressure >130/85 mmHg, fasting
plasma glucose >5.6 mmol/l, serum triglycerides >1.7 mmol/l and HDL cholesterol
>1.29 mmol/l. These criteria were selected since they are similar to the current care
guidelines of MetS in Finland. The women using medication for hyperglycemia,
hypertension or dyslipidemia were included in the analysis for the components of
MetS.

Height was measured to the nearest 0.5 cm and weight to the nearest 0.1 kg.
Body mass index (BMI) was calculated as weight (kg) divided by the height (m)
squared. Waist circumference (at the midpoint between the lateral iliac crest and
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the lowest rib) was measured to the nearest 0.5 cm. The study population was
divided into three groups by the length of follow-up time (the time between OGTT
during the index pregnancy and the follow-up study visit): <5 years, 5-10 years

Study population
n=874
Controls GDM patients
n=385 n=489

and > 10 years.

Follow-up time 1 abnormal value 2 abnormal values
<5yrs — in OGTT in OGTT
n=134 n=338 n=151
1\ 4 1\
Follow-up time Follow-up time Follow-up time
5-10 yrs = <5yrs = = <5yrs
_ n=119 Y, _ n=220 Y, n=48
Follow-up time ) ( Follow-up time ) Follow-up time
>10 yrs — 5-10 yrs - | 5-10 yrs
_ n=132 Y, _ n=92 Y, n=47
Follow-up time Follow-up time
>10 yrs o - >10 yrs
\ n=26 ) \ n=56 )

Figure 9. Flowchart of the study population.

5.3.4 Laboratory determinations

Plasma glucose was measured by an enzymatic hexokinase photometric assay
(Konelab Systems reagents; Thermo Fischer Scientific, Vantaa, Finland), insulin by
an immunoassay (ADVIA Centaur Insulin IRI no. 02230141; Siemens Medical
Solutions Diagnostics, Tarrytown, NY), and HbAlc by high-performance liquid
chromatography (TOSOH G7 glycohemoglobin analyzer, Tosoh Bioscience, Inc. San
Francisco, CA), calibrated to DCCT standard. LDL-cholesterol, HDL-cholesterol
and total triglycerides were measured by enzymatic colorimetric tests (Konelab
Systems reagents). Homeostasis model assessment for insulin resistance (HOMA-
IR) and Matsuda-ISI were calculated to assess insulin resistance and sensitivity,
respectively. Disposition index (DI30) was used as a measure of the b-cell response
to insulin sensitivity. Calculation of insulin sensitivity (Matsuda ISI), insulin
secretion (InsAUCO0-30/GluAUC0-30) and disposition indices (DI30) have been
previously described (Stancakova et al. 2009).
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5.3.5 Statistical analyses

The statistical analyses were conducted using SPSS version 19 (SPSS Inc., Chicago,
IL). p < 0.05 was considered statistically significant. The results were given as the
mean + SD or number of cases and percentages. Statistical differences in categorical
variables between the subjects with GDM and controls were evaluated using x? test.
Anthropometric and biochemical continuous variables were analyzed using
Student’s t-test, and log-transformed variables were used to correct for their
skewed distribution when appropriate. Variable distributions were assessed by the
Kolmogorov—-Smirnov normality test. Cox regression analysis was used to assess
the effect of age and BMI on the risk for subsequent development of MetS during
the follow-up. Receiver operating characteristic (ROC) curve was generated to
determine fasting (FPG), 1-h and 2-h plasma glucose in OGTT as predictors of
subsequent MetS. The patients started on medication for hyperglycemia between
index pregnancy and follow-up were excluded from the analysis of HOMA-IR,
Matsuda-ISI and DI30.

5.3.6 Ethical approval

This study was approved by the local Ethics Committee of the Kuopio University
Hospital in accordance with the Helsinki Declaration. All participants gave written
informed consent.

5.4 RESULTS

The clinical characteristics of the study groups [controls (n = 385), GDM1 (n = 338),
GDM2 (n = 151)] are shown in Table 10. The women with GDM were older, obese
and have higher parity than the controls at the index pregnancy. There were no
statistically significant differences in the duration of pregnancy or in the mean birth
weight of the newborns between the groups. At the follow-up, women with GDM2
were obese and older than the controls. Moreover, women with GDM2 were more
insulin resistant according to HOMA-IR and Matsuda-ISI. Insulin sensitivity-
corrected insulin secretion (DI30) was significantly decreased in women with GDM
as compared to the controls. Mean follow-up time was 7.3 + SD 5.1 years.
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Regarding the components of MetS, women with GDM2 had significantly
higher waist circumference, > 80% of them reaching the limit 80 cm (Table 11). Both
GDM groups had significantly higher FPG levels than the controls, and 64.3% of
those with GDM2 had FPG > 5.6 mmol/l after ten years follow-up. Those with
GDM2 had significantly higher levels of triglycerides and lower HDL cholesterol in
all follow-up groups. No difference in elevated blood pressure was observed
between the GDM groups and controls (Table 11).

The overall incidence of MetS in the control, GDM1 and GDM2 groups < 5 years
after the index pregnancy was 22%, 39% and 60%, respectively, and > 10 years
follow-up 24%, 46% and 63%, respectively (Figure 10). The difference was
significant in both GDM groups compared to the controls. However, in the course
of the follow-up, the incidence of MetS remained about the same in the control and
GDM2 groups, whereas it appeared to increase in the GDM1 group.

After adjustment for BMI and age at the follow-up visit, and the follow-up time
as a continuous variable, the hazard ratio (HR) of subsequent MetS was 2.3 (95%ClI
1.7-3.0) in the GDM1 and 2.2 (95%CI 1.6-2.9) in the GDM2 group compared with
the controls. The risk of subsequent MetS increased by 9.0% per one BMI unit
increase.

Regarding the ROC-curves, FPG was the best predictor of MetS, with the area
under the curve (AUC) of 0.656 (p= < 0.0001) and 2-h plasma glucose the poorest
(AUC 0.595) (data not shown).

METABOLIC SYNDROME

70%
SR BGDM 1
40% -
BAGDM 2
30% -
20% -
10%
0% =

<5 yrs 5-10 yrs =10 yrs

GDM= gestational diabetes mellitus

GDM1= GDM women with one abnormal value in OGTT during pregnancy
GDM2= GDM women with two abnormal values in OGTT during pregnancy
**p<0.05, ***p<0.0001 compared with the controls

Figure 10. The indicence of MetS among the study groups at the follow-up study according to
the follow-up tme.
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5.5 DISCUSSION

This long-term prospective follow-up study demonstrated that already mildly
impaired glucose tolerance during pregnancy, measured by one abnormal value in
OGTT during pregnancy, increases the risk of incident MetS after pregnancy. To
our knowledge, this is the first study to evaluate the prevalence of MetS among
women with GDM in the more detailed subgroups of glycemia during pregnancy.
The incidence of MetS was about 60% in women with previous GDM with two or
more abnormal values in OGTT already after < 5 years follow-up showing that the
lifestyle intervention was delayed or missing. During further follow-up, the
incidence of MetS remained constant in the control and GDM2 groups, whereas it
appeared to increase in the GDMI1 group. Our data confirmed the previously
reported finding (Akinci et al. 2010, Bo et al. 2006, Tam et al. 2013) that fasting
plasma glucose is the best predictor of subsequent development of MetS. Thus, the
women with one abnormal value in OGTT during pregnancy represent a significant
target group for targeted lifestyle intervention to prevent incident MetS and later
cardiovascular disease after pregnancy and should be followed up carefully after
pregnancy.

Our results are in agreement with previous studies having shown that women
with a history of GDM are at increased risk for developing MetS (Lauenborg et al.
2005, Akinci et al. 2010, Bo et al. 2006, Puhkala et al. 2013, Retnakaran et al. 2010).
This risk varied between 16 and 43.5% in these studies according to the IDF criteria.
Our data showed that after 10 years follow-up about 46% of the GDM1 and 63% of
GDM2 women met MetS definition. In accordance with other studies (Lauenborg et
al. 2005, Bo et al. 2006, Retnakaran et al. 2010, Cameron et al. 2008), our data
showed that the women with previous GDM exhibited more dysglycemia, were
more insulin resistant, had lower insulin secretion and more atherogenic lipid
profiles than the controls. The incidence of hypertension in women with a history of
GDM has varied in previous studies (Lauenborg et al. 2005, Akinci et al. 2010, Bo et
al. 2006, Retnakaran et al. 2010, Albareda et al. 2005). Hypertension was the only
component of MetS the incidence of which did not differ significantly between our
study groups.

Insulin resistance is a major pathophysiological mechanism in MetS and GDM
and it is closely related to central adiposity (Cameron et al. 2008, Albareda et al.
2005). Thus, both prepregnancy overweight and current overweight are strongly
associated with the subsequent development of MetS (Jjas et al. 2013, Akinci et al.
2010, Puhkala et al. 2013, Albareda et al. 2005, Verma et al. 2002). Because of the
risk-based screening of GDM used in our study, 32% of the controls and half of the
women with GDM were overweight (BMI > 25 kg/m2). Consequently, the diagnosis
of MetS after 10 years follow-up time was present in about 24% of the control
subjects. In the Finnish background population, the prevalence of MetS has been 7-
14% according to the IDF criteria (Raiko et al. 2010).
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We have recently shown that abnormal post-challenge glucose levels in OGTT
during pregnancy were the best predictors of incident T2DM (Hakkarainen et al.
2015). Concerning the predictability of different glucose levels during OGTT for
incident MetS, we detected that the fasting glucose was the best predictor for
developing MetS in women with previous GDM. Fasting glucose levels reflect
particularly hepatic insulin resistance closely linked to visceral adiposity, and our
finding agrees with previous studies that have demonstrated the significance of the
fasting glucose level as a predictor of MetS (Akinci et al. 2010, Bo et al. 2006, Tam et
al. 2013). Interestingly, the GDMI1 group had low risk for MetS shortly after
pregnancy, a markedly higher risk during longer follow-up. Women with GDM1
had nearly comparable risk of MetS compared to GDM2 after 10 years. Thus,
women with GDM1 may benefit the most from timely interventions and preventive
measures. To date, in current practice this group has often been considered low-risk
and been easily left out from the follow-up programs. The strengths of our study
include the long-term follow-up of a well-characterized cohort of subjects and the
similar treatment received by all participants with GDM during pregnancy. The
study does, however, have some limitations. The practice to perform risk-based
screening to pregnant women is causing selection bias in this study. In addition, the
study setting was cross-sectional at the time of follow-up OGTT, not longitudinal
which would have been optimal to standardize the protocol.

5.6 CONCLUSION

In conclusion, women with two abnormal glucose values in OGIT during
pregnancy are at highest risk for incident MetS after the pregnancy as compared to
those with one abnormal value or controls with GDM risk factors. Interestingly, the
incidence of MetS appears to remain stable in the controls and women with GDM2,
whereas it seems to increase in those with GDM1 during follow-up. Therefore,
women with even a minor abnormality in OGTT during pregnancy represent an
important group for targeted lifestyle intervention to prevent the development of
overt MetS and subsequent cardiovascular disease.
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6 DELIVERY OF AN LGA INFANT AND THE
MATERNAL RISK OF DIABETES: A
PROSPECTIVE COHORT STUDY?

6.1 ABSTRACT

Aims: Was to determine whether the birth weight of the infant predicts prediabetes
(impaired fasting glucose, impaired glucose tolerance, or both) and type 2 diabetes
(T2DM) during long-term follow-up of women with or without gestational diabetes
mellitus (GDM).

Methods: The women with or without GDM during their pregnancies in Kuopio
University Hospital in 1989-2009 (n=874) were contacted and invited for an
evaluation. They were stratified into two groups according to the newborn’s birth
weight: 10-90t percentile (appropriate-for-gestational-age; AGA) (n=662) and > 90t
percentile (large-for-gestational-age; LGA) (n=116). Glucose tolerance was
investigated with an oral glucose tolerance test after a mean follow-up time of 7.3
(SD 5.1) years.

Results: The incidence of T2DM was 11.8% and 0% in the women with and without
GDM, respectively, after an LGA delivery. The incidence of prediabetes increased
with offspring birth weight categories in the women with and without GDM: from
46.3% and 26.2% (AGA) to 52.9% and 29.2% (LGA), respectively.

Conclusions: GDM women with LGA infants are at an increased risk for
subsequent development of T2DM and therefore represent a target group for
intervention to delay or prevent T2DM development. In contrast, an LGA delivery
without GDM does not increase T2DM risk.

3 Adapted with permission of Elsevier from: Hakkarainen H, Huopio H, Cederberg H, Voutilainen R,
Heinonen S. Delivery ofan LGA infant and the maternal risk of diabetes: A prospective cohort study.
Prim Care Diabetes. Aug;12(4):364-370, 2018.

The table and figure numbers are modified from original publication to correspond sequential numbers
of this thesis.
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6.2 INTRODUCTION

Women with gestational diabetes mellitus (GDM) have an increased risk of both
adverse obstetrical outcomes, mainly related to a large birth size of the newborn
and subsequent development of type 2 diabetes (T2DM) (Bellamy et al. 2009, Kim et
al. 2002, HAPO Study Cooperative Research Group, Metzger et al. 2008,
Hakkarainen et al. 2015). GDM pathophysiology consists of insulin resistance
accompanied by impaired B-cell function leading to maternal hyperglycemia
(Catalano 2014). Consequently, increased placental glucosetransfer to the fetus
causes fetal hyperinsulinemia and further macrosomia (Pedersen 1952). The
underlying and worsening [-cell dysfunction coupled with a background of
chronic insulin resistance usually due to overweight or obesity exposes a woman to
an increased risk of developing diabetes. In clinical practice, a woman who delivers
a large-for-gestational-age (LGA, birth weight above the 90t percentile for
gestational age) infant is more likely to have GDM and this combination is
considered a risk factor for GDM in a subsequent pregnancy. However, studies
focusing on T2DM risk in women with a history of LGA birth (but without GDM)
have given conflicting results, probably due to the variation of the follow-up time,
ascertainment of the cases and controls and women’s overall T2DM risk profile
(Larsson et al. 1986, Tehrani et al. 2012, Moses et al. 1997, Kew et al. 2011).

In other words, based on the pathophysiology of prenatal growth of LGA
newborns, women with a history of an LGA infant delivery could be at an
increased risk of subsequent development of diabetes. To test this hypothesis, our
objective was to compare the incidence of subsequent prediabetes and T2DM in
women with GDM to women without GDM in different birth size groups.

6.3 METHODS

This hospital register-based cohort study included women whose pregnancies were
treated in Kuopio University Hospital, Finland, in 1989-2009. Women who had the
diagnosis of GDM and a random sample of normoglycemic control women, both
groups with completed oral glucose tolerance test (OGTT) during pregnancy, were
contacted by a letter and invited for the study. A total of 489 women with GDM and
385 controls with a normal OGTT result during pregnancy attended the follow-up
study. 1234 women did not reply or refused to participate in the study. All
participants gave a written informed consent.

The women with and without GDM were classified based on the birth weight of
the newborn: between 10-90t percentile (appropriate-for-gestational-age; AGA) (n
= 662) and over 90" percentile (LGA) (n = 116). The women without GDM and
delivering a child with birth weight between 10-90% percentile served as a control
group. In this study, LGA was defined as sex-specific birth weight for gestational
age above the 90t percentile of the current Finnish newborn growth charts
(Sankilampi et al. 2013).
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6.3.1 Data collection during pregnancy

In Finland, cost-free maternity care is offered to all pregnant women. The women
considered to be at risk of GDM underwent 2-h OGTT (75 g glucose after overnight
fasting) between the 24th and 28th weeks of gestation if one or more following
factors were present: age over 40 years, BMI = 25 kg/m?, prior GDM or a delivery of
a macrosomic infant, glucosuria, suspected fetal macrosomia in the current
pregnancy. The diagnostic criteria of GDM were as follows: until September 2001
the lower limits of abnormal fasting, 1-h and 2h capillary whole-blood glucose 4.8,
10.0 and 8.7 mmol/l and since September 2001 the lower limits of fasting, 1-h and 2-
h capillary plasma glucose 4.8, 11.2 and 9.9 mmol/l as per contemporary guidelines.
For the women with more than one delivery during the study period, the first
pregnancy with an abnormal OGTT result was selected as the index pregnancy. The
women with GDM were seen regularly in the Prenatal Outpatient Clinic in Kuopio
University Hospital and they received dietary advice, regular blood glucose
monitoring and insulin treatment when necessary. The hospital register included
data on maternal characteristics and pregnancy risk factors, complications,
pregnancy outcome, and on the neonatal period of the offspring. The women with
overt T2DM at the time of pregnancy or TIDM diagnosed after the index
pregnancy, and those with a multiple pregnancy were excluded to eliminate
confounding factors.

6.3.2 The follow-up study

The participants were recruited to the follow-up study between 2006 and 2009. The
women underwent laboratory tests, body composition and blood pressure
measurements, and answered to a questionnaire concerning their family history
and health behavior. To study glucose tolerance, the participants underwent 2-h
OGTT (75 g of glucose). T2DM was defined according to the American Diabetes
Association (ADA) recommendations: fasting plasma glucose =7 mmol/l or 2-h
plasma glucose =11.1 mmol/l. Fasting plasma glucose between 5.6 and 6.9 mmol/l
was defined as impaired fasting plasma glucose (IFG) and 2-h plasma glucose
between 7.8-11.0 as impaired glucose tolerance (IGT) (American Diabetes
Association 2011). Women who had been diagnosed with T2DM during the follow-
up time (N = 15) did not undergo OGTT.

Height was measured to the nearest 0.5 cm and weight to the nearest 0.1 kg.
Body mass index (BMI) was calculated as weight (kg) divided by the height (m)
squared. Waist circumference (at the midpoint between the lateral iliac crest and
the lowest rib) was measured to the nearest 0.5 cm.
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6.3.3 Laboratory determinations

Plasma glucose was measured by an enzymatic hexokinase photometric assay
(Konelab Systems reagents; Thermo Fischer Scientific, Vantaa, Finland), insulin by
an immunoassay (ADVIA Centaur Insulin IRI no. 02230141; Siemens Medical
Solutions Diagnostics, Tarrytown, NY), and HbAlc by a high-performance liquid
chromatography assay (TOSOH G7 glycohemoglobinanalyzer, Tosoh Bioscience,
Inc., San Francisco, CA), calibrated to direct-current current transformers (DCCT)
standard.

6.3.4 Statistical analyses

The statistical analyses were conducted using SPSS version 19 (SPSS Inc., Chicago,
IL). The results were given as the mean + SD or number of cases and percentages.
Statistical differences in categorical variables between the study groups and
controls were evaluated using the x2 test. Anthropometric and biochemical
continuous variables were analyzed using Student’s t-test, and log-transformed
variables were used to correct for their skewed distribution when appropriate. p <
0.05 was considered statistically significant. Since the diagnosis of GDM was based
on slightly different criteria depending on the origin of the blood during the data
collection, a correlation coefficient was used to convert all values to correspond
venous plasma levels. The correlation coefficient was based on the information
from the Department of Clinical Chemistry at Kuopio University Hospital.

This study was approved by the local Ethics Committee of the Kuopio
University Hospital in accordance with the Helsinki Declaration.

6.4 RESULTS

The prepregnancy and peripartum characteristics of the women with and without
GDM stratified according to the birth weight of the offspring are shown in Table 12.
The women with previous GDM were older and heavier in both birth weight
categories than those without GDM. Parity was higher in the women with GDM
and in those with an LGA delivery without GDM. The women with GDM in the
AGA group had more diabetes in family history and smoked more often.
Otherwise, the study groups had comparable family history of diabetes, marital,
smoking and alcohol consumption status. Prior spontaneous abortion rate was
higher in the women with GDM in the LGA group. The women with LGA infants
had more frequently a history of a macrosomic offspring than those in the normal
birth weight groups. However, prior cesarean section was more common in the
women with LGA infants and absence of GDM. The women with GDM in the AGA
group gained less weight during pregnancy, had shorter gestational age and lower
Apgar score at delivery than the controls. The incidence of pre-eclampsia was
higher in both GDM groups compared to controls. No significant difference was
observed in the gender of the offspring between the subgroups.
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Table 12. Prepregnancy and peripartum characteristics of the study subjects stratified

according to the birth weight of the offspring.

Offspring's birth weight

AGA (10-90 percentile)

LGA (> 90 percentile)

Mean * SD or %

Mean * SD or %

No GDM GDM No GDM GDM
(Controls) (Group 1) (Group 2) (Group 3)

Number of subjects 286 376 48 68
Prepregnancy characteristics

Age (years) 295+54 31.8+6.0 30.6+5.0 32.6 £6.3**

Prepregnancy BMI (kg/m?) 23.8+3.8 264+50%™ 25735 26.7 £ 4.1*

Primiparity (%) 54.4 37.8* 33.3* 22.1**

Family history of diabetes (%) 69.4 81.4* 75.0 80.6

Not married (%) 343 40.4 29.2 29.4

Smoking (>5 cigarettes/d) (%) 15.2 21.5* 12.8 18.5

Alcohol consumption (%) 47.2 40.2 34.0 52.3

Prior child's birth weight > 4000g (%) 25.4 25.6 43.8* 60.4**

Prior spontaneous abortion (%) 16.8 19.9 18.8 35.3*

Prior cesarean section (%) 5.9 9.6 16.7* 7.4
Peripartum characteristics of the subjects and newborns

Weight gain in pregnancy (kg) 13.7+4.8 11.8 £5.9** 14.7+4.7 14.9+6.1

Gestational age (d) 280 + 11 278 + 11* 279+ 11 279+8

Pre-eclampsia (%) 1.4 5.3* 2.1 5.9*

Female offspring (%) 47.2 43.6 47.9 55.9

Birth weight (g) 3595 + 385 3596 + 406 4365 + 424* 4421 + 370*

Placental-fetal mass ratio (%) 171+ 3.0 175+ 3.0 20.6 £ 15.8** 17.9+2.5*

Apgar score < 7 at 1 min (%) 1.7 5.9% 6.3 4.4

GDM = gestational diabetes mellitus, BMI=body mass index, AGA=appropriate for gestational age;
LGA=large for gestational age. All groups compared to controls separately.

* p<0.05
** p<0.0001

The clinical characteristics of the study groups at the follow-up study are shown
in Table 13. The women with GDM had shorter follow-up time in both birth weight
categories. As during the index pregnancy, the women with GDM were
significantly heavier in both birth weight categories. However, the groups did not
differ in weight gain during the follow-up time. The GDM women had higher basal

glucose and insulin levels in both birth weight groups.
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Table 13. Clinical characteristics and glucose tolerance data of the study subjects at the
follow-up study.

Offspring's birth weight AGA (10-90 percentile) LGA (> 90 percentile)
Mean * SD or n (%) Mean * SD or n (%)
No GDM GDM No GDM GDM
(Controls) (Group 1) (Group 2) (Group 3)
Number of subjects 286 376 48 68
Follow-up time (yrs) 8.5+55 5.3 +4.3* 74+54 6.2 £4.9*
Age at follow-up (yrs) 384+6.4 37472 38.3+5.8 39175
BMI (kg/m?) 26.5+4.9 28357 279+4.8° 29.2+49*
Weight gain during follow-up time (kg) 5.7+7.6 36+£7.9 43+76 56+93
HbA1c (mmol/mol) 35.0+32 359%4.8* 348+35 38.4 £6.6"
Fasting plasma glucose (mmol/l) 53104 5.6 £0.8** 54+04 5.8+0.8**
30-min plasma glucose (mmol/l) 7.0+£1.5 79+1.7* 71+£13 8.1+1.7*
2-h plasma glucose (mmol/l) 55+1.2 59+1.6™ 55+£1.0 6.6 £2.4*
Fasting plasma insulin (mU/I) 9.0+6.6 11.7 £9.0* 8.0+4.6 124 £7.3*
30-min plasma insulin (mU/l) 62.6 +38.9 72.5+49.8" 57.6+29.2 78.2+59.8
2-h plasma insulin (mU/l) 39.1+35.6 504 +48.6* 35.3+26.0 49.1+33.6*
Prediabetes 75 (26.2) 174 (46.3)** 14 (29.2)° 36 (52.9)**
T2DM 1(0.3) 17 (4.5)* 0(0) 8 (11.8)**P

GDM=gestational diabetes mellitus, BMI=body mass index, AGA=appropriate for gestational age,
LGA=large for gestational age. All groups compared to controls separately.

* p<0.05.

** p<0.0001.

@ Significantly (p<0.05) different when comparing groups 1 and 2.

b Significantly (p<0.05) different when comparing groups 1 and 3.

The incidence of prediabetes (IFG and/or IGT) and T2DM at the follow-up study
according to the birth weight of the offspring is shown in Figure 11. During the
follow-up time after the index pregnancy, the incidence of prediabetes increased in
the women with and without GDM from 46.3% and 26.2% (AGA) to 52.9% and
29.2% (LGA). The incidence of T2DM was 11.8% in the GDM women and 0% in the
women without GDM who had given birth to LGA infants. The incidence of T2DM
in the GDM women with previous LGA delivery was significantly higher
compared to the GDM women with AGA delivery as well.
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GDM=gestational diabetes mellitus, T2DM=type 2 diabetes mellitus, AGA=approprate for gestational age,

LGA=large for gestafional age.

*p=0.05, *p=.0001 when comparing all groups separately to women without GDM in AGA group.

T Significantly (p=0.05) different when comparing women without GDM in LGA group to women with GDM in AGA group.
1 Significantly (p=0.05) different when comparing women with GDM in LGA group to women with GDM in AGA group.

Figure 11. The incidence of glucose intolerance among the study groups at the follow-up
according to the birth weight of the newborn.
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6.5 DISCUSSION

This prospective long-term study of the women with and without GDM
demonstrated that a history of an LGA infant in the absence of GDM did not
predict T2DM. In contrast, 11.8% of the women with GDM and LGA infants
developed T2DM during a ten-year follow-up. Moreover, the incidence of
prediabetes was significantly greater in the GDM women in both birth weight
categories; every other woman had prediabetes in the follow-up. Only one of four
women without GDM had prediabetes when the infant’s birth weight was between
10-90t% percentile. Overall, the delivery of an LGA infant is predictive of maternal
long-term outcomes in women with GDM but not in women with normal glucose
tolerance during pregnancy.

The well-known Pedersen hypothesis (1952) states that maternal hyperglycemia
causes macrosomia through fetal hyperglycemia and hyperinsulinemia (Pedersen
1952). To date, however, it is known that a variety of factors affects infant’s birth
weight, such as high parity and prepregnancy overweight (Henriksen 2008).
Especially maternal BMI has much higher impact on the prediction of an LGA
delivery than the 2-h glucose level in OGTT during pregnancy (Berntorp et al.
2015). This opens up a wider viewpoint reflecting the reasons behind an LGA
delivery and, thus, for the consequences of an LGA delivery to the women’s long-
term health.

Infrequent studies exist on the association between an LGA delivery and
subsequent maternal T2DM. In these studies, settings, follow-up times,
ascertainment of cases and controls and LGA definitions vary substantially. To
elucidate this complex ground, we performed a literature search and collected the
appropriate data to Table 14. Contrary to our study, the review suggests that the
risk of T2DM after an LGA delivery is somewhat increased: pooled OR 1.26 (95% CI
0.97-1.63). Taking into account available adjusted ORs, the risk became significant:
pooled OR 1.37 (95% CI 1.14-1.65) (Table 14). There appeared to be a few factors
affecting the results. Up to 27 years postpartum, Larsson et al. demonstrated that
the incidence of T2DM had risen but this was explained by obesity and high parity
(Larsson et al. 1986). Tehrani et al. included also stillbirths in the LGA study group
which could have affected the results (Tehrani et al. 2012). Moreover, two studies
included GDM women in the study groups (Kabeya et al. 2013, James-Todd et al.
2013), biasing the results, whereas GDM status was carefully defined and checked
in the present study. In fact, these two studies (Kabeya et al. 2013, James-Todd et al.
2013) along with the Larsson et al.’s study (Larsson et al. 1986) were the only
studies suggesting significantly increased T2DM risk after an LGA delivery. The
remaining previous studies (Tehrani et al. 2012, Kew et al. 2011), and our findings
did not demonstrate significantly increased risk of later T2DM. In addition, a study
of 18 women with LGA compared to 18 women with appropriate-for-gestational-
age (AGA) infants did not find significant differences in glucose, insulin or HbAlc
levels between the groups two years after pregnancy (Moses et al. 1997). Taking
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various factors in study settings.

“WOZ L WUSPEU §0 YSU 3L PUB JUEJ Yo UE Jo AISAI[SP B US3MS0 UONBIDOSSE 3} U S3IpN)s o UBIwng | 3|qe ]

87



The present study demonstrated that GDM women with a previous LGA
delivery have a considerable risk for incident T2DM. We identified a few factors
associating with an LGA delivery in the GDM women; they were older and heavier
in prepregnancy, had higher parity and probably severer dysglycemia during
pregnancy than the GDM women without an LGA delivery. In a previous study,
we have demonstrated that women with two or more abnormal values in OGTT
during pregnancy are at an increased risk for the development of T2DM
(Hakkarainen et al. 2015). Despite the fact that all the women in this study had one
or more risk factors for GDM, an LGA delivery in women without GDM did not
predict later T2DM. This was an interesting finding since despite clinical risks
brought about by an LGA delivery and being overweight, these women clearly had
some potential protective factors against T2DM.

The strengths of the current study included the long-term follow-up of a well-
characterized cohort of women, and the similar treatment received by all
participants with GDM during pregnancy. It should be noted that in the present
study, the GDM criteria in years 1989-2008 were tight especially regarding the
fasting glucose value in OGTT. Consequently, our results indicated that the absence
of T2DM in women with an LGA delivery but without GDM was genuine. The
limitations of this study involved the inclusion of subjects based on a risk-based
screening, which may have caused some selection bias. In addition, the study
setting was cross-sectional at the time of follow-up OGTT, not longitudinal that
would have been optimal to standardize the protocol.

6.6 CONCLUSION

We conclude that GDM women with LGA infants are at increased risk for the
subsequent development of T2DM and therefore represent a target group for
intervention to delay or prevent development of T2DM. However, the findings also
implied that an LGA delivery in the absence of GDM does not predict T2DM in the
mean follow up time of 7.3 years. Thus, an LGA delivery in non-GDM women is
likely to be related to other factors than maternal dysglycemia.
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7/ FUTURE RISK OF METABOLIC SYNDROME
IN WOMEN WITH A PREVIOUS LGA
DELIVERY STRATIFIED BY GESTATIONAL
GLUCOSE TOLERANCE: A PROSPECTIVE
COHORT STUDY*

7.1 ABSTRACT

Background: Whether the delivery of a large-for-gestational-age (LGA) infant
predicts future maternal metabolic syndrome (MetS) is not known. To this aim, we
investigated the incidence of MetS and its components in women with or without a
history of gestational diabetes mellitus (GDM) with a view to the birth weight of
the offspring.

Methods: 874 women treated for their pregnancies in Kuopio University Hospital
in 1989-2009 underwent a follow-up study (mean follow-up time 7.3 (SD 5.1) years),
of whom 489 women with GDM and 385 normoglycemic controls. The women
were stratified into two groups according to the newborn’s birth weight: 10-90t
percentile (appropriate-for-gestational-age; AGA) (n=662) and > 90% percentile
(LGA) (n=116). MetS and its components were evaluated in the follow-up study
according to the International Diabetes Federation criteria.

Results: LGA vs. AGA delivery was associated with a higher incidence of MetS at
follow-up in women with a background of GDM (54.4% vs. 43.6%), but not in
women without GDM.

Conclusion: An LGA delivery in women with GDM is associated with a higher risk
of future MetS and this group is optimal to study preventive measures for MetS. In
contrast, an LGA delivery after a normoglycemic pregnancy was not associated
with an increased future maternal MetS risk.

+ Adapted with permission of Springer Nature from: Hakkarainen H, Huopio H, Cederberg H,
Voutilainen R, Heinonen S. Future risk of metabolic syndrome in women with a previous LGA delivery
stratified by gestational glucose tolerance: a prospective cohort study. BMC Pregnancy Childbirth. Aug
10;18(1):326, 2018.

The table and figure numbers are modified from original publication to correspond sequential numbers
of this thesis.
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7.2 BACKGROUND

Gestational diabetes mellitus (GDM) increases the risk of obstetric complications,
largely due to fetal overgrowth. In addition, GDM is associated with an increased
risk of developing type 2 diabetes (T2DM) (Bellamy et al. 2009, Kim et al. 2002,
Hakkarainen et al. 2015), metabolic syndrome (MetS) and cardiovascular diseases
(CVD) (Xu et al. 2014, Hakkarainen et al. 2016, Shah et al. 2008, Retnakaran and
Shah 2009, Fraser et al. 2012) after the pregnancy. The key pathophysiological
defects underlying the increased cardiometabolic morbidity after GDM pregnancy
include chronic insulin resistance and impaired insulin secretion, together with
visceral obesity, hypertension and dyslipidemia (Alberti et al. 2009). Disturbance in
glucose metabolism is considered to be a major cause for a large-for-gestational-age
(LGA) delivery (Pedersen 1952), albeit many environmental and genetic factors are
also likely to play a role. In particular, maternal pre-pregnancy body mass index
(BMI) and gestational weight gain have been shown to be independent
determinants of the infant birth weight (Berntorp et al. 2015, Yu et al. 2013, Ludwig
and Currie 2010). Women with pre-pregnancy overweight and obesity were at 1.5-
fold and 2-fold increased risk of delivery of an LGA infant, respectively (Yu et al.
2013). Furthermore, maternal metabolic factors including decreased high-density
lipoprotein (HDL) cholesterol, increased triglycerides (Kitajima et al. 2001) and
insulin have previously been shown to be independent determinants of fetal
macrosomia (Clausen et al. 2005). In continuum, infant born LGA and exposed to
an intrauterine environment of diabetes or maternal obesity have also been shown
to be at an increased risk of developing MetS later in their lives (Boney et al. 2005).

We therefore hypothesized that a previous LGA delivery would be associated
with an increased risk of incident MetS in the mother after the pregnancy. To this
aim, we investigated the incidence of MetS and its components in women with and
without GDM by groups of different birth size.

7.3 METHODS

This hospital register-based cohort study included women whose pregnancies were
treated in Kuopio University Hospital, Finland, in 1989-2009. Women who had the
diagnosis of GDM and a random sample of normoglycemic women, both groups
withc ompleted oral glucose tolerance test (OGTT) during pregnancy, were
contacted by a letter and invited for the study. A total of 489 women with GDM and
385 women with normal OGTT result during pregnancy attended the follow-up
study. 1234 women did not reply or declined to participate in the study.

The women with and without GDM were classified based on the birth weight of
the newborn: between 10-90 percentile (appropriate-for-gestational-age; AGA) (n=
662) and over 90" percentile (LGA) (n= 116). The women without GDM and
delivery of an AGA infant served as a control group. In this study, LGA was
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defined as sex-specific birth weight for gestational age above the 90t percentile on
the current Finnish newborn growth charts (Sankilampi et al. 2013).

7.3.1 Data collection during pregnancy

In Finland, cost-free maternity care is offered to all pregnant women. The women
considered to be at risk of GDM underwent 2-h OGTT (75g glucose after overnight
fasting) between the 24th and 28th weeks of gestation if one or more following
factors were present: age over 40 years, BMI > 25 kg/m2, prior GDM or a history of
a macrosomic delivery, glucosuria, suspected fetal macrosomia in the current
pregnancy. The diagnostic criteria of GDM were as follows: until September 2001
the lower limits of abnormal fasting, 1-h and 2-h capillary whole-blood glucose 4.8,
10.0 and 8.7 mmol/l and since September 2001 the lower limits of fasting, 1-h and 2-
h capillary plasma glucose 4.8, 11.2 and 9.9 mmol/l as per contemporary guidelines.
For the women with more than one delivery during the study period, the first
pregnancy with an abnormal OGTT result was selected as the index pregnancy. The
women with GDM were seen regularlyin the Prenatal Outpatient Clinic in Kuopio
University Hospital and they received dietary advice, regular blood glucose
monitoring and insulin treatment when necessary. The hospital register included
data on maternal characteristics and pregnancy risk factors, complications,
pregnancy outcome, and on the neonatal period of the offspring. The women with
overt T2DM at the time of pregnancy or type 1 diabetes mellitus (T1DM) diagnosed
after the index pregnancy, and those with a multiple pregnancy were excluded to
eliminate confounding factors.

7.3.2 The follow-up study

The participants were recruited to the follow-up study between 2006 and 2009. The
women underwent laboratory tests, body composition and blood pressure
measurements, and answered questionnaires concerning their family history
andhealth behavior. All participants underwent a 2-h OGTT (75g of glucose). MetS
was diagnosed by waist circumference > 80 cm, and at least two of the following
four criteria in accordance with the International Diabetes Federation (IDF) 2005
criteria (Alberti et al. 2005): blood pressure > 130/85 mmHg, fasting plasma glucose
> 5.6 mmol/l, serum triglycerides > 1.7 mmol/l, and HDL cholesterol < 1.29 mmol/l.
These criteria were selected since they are similar to the current care guidelines of
MetS in Finland. The women using medication for hyperglycemia, hypertension or
dyslipidemia were included in the analysis for the components of MetS.

Height was measured to the nearest 0.5 cm and weight to the nearest 0.1kg.
Body mass index (BMI) was calculated as weight (kg) divided by the height (m)
squared. Waist circumference (at the midpoint between the lateral iliac crest and
the lowest rib) was measured to the nearest 0.5 cm.
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7.3.3 Laboratory determinations

Plasma glucose was measured by an enzymatic hexokinase photometric assay
(Konelab Systems reagents; Thermo FischerScientific, Vantaa, Finland). LDL-
cholesterol, HDL-cholesterol and total triglycerides were measured by enzymatic
colorimetric tests (Konelab Systems reagents).

7.3.4 Statistical analysis

The statistical analyses were conducted using SPSS version 23 (SPSS Inc., Chicago,
IL). P < 0.05 was considered statistically significant. The results were given as the
mean * SD or number of cases and percentages. Statistical differences in categorical
variables between the study and comparison groups were evaluated using the x2
test. Anthropometric and biochemical continuous variables were analyzed using
Student’s t-test, and log-transformed variables were used to correct for their
skewed distribution when appropriate. Since the diagnosis of GDM was based on
slightly different criteria depending on the origin of the blood during the data
collection, a correlation coefficient was used to convert all values to correspond
venous plasma levels. The correlation coefficient was based on the information
from the Department of Clinical Chemistry at Kuopio University Hospital.

This study was approved by the local Ethics Committee of the Kuopio
University Hospital in accordance with the Helsinki Declaration.

7.4 RESULTS

The clinical characteristics of the study groups stratified according to the birth
weight of the offspring in index pregnancy and at the follow-up are shown in Table
15. Women with GDM were older in both birth weight categories as compared to
controls during the index pregnancy. Women in both GDM groups and the women
without GDM but with an LGA delivery were of higher weight and more
frequently multiparous than the controls. Women with LGA infants had more
frequently a history of prior child’s birth weight over 4000 g as compared to than
those with AGA offspring. Furthermore, women with GDM and an LGA delivery
had more often a prior spontaneous abortion. The study groups did not differ in the
rate of prior cesarean section. The incidence of pre-eclampsia was higher in women
with GDM. No significant differences were observed in gestational age at birth
between the study groups.

At the time of the follow-up study, the women with GDM in both birth weight
categories had shorter follow-up time. However, no difference in the mean age of
the women was observed between the study groups. The women with GDM and
the ones without GDM but with an LGA delivery were of higher weight than the
controls, although the study groups did not differ in weight gain during the follow-
up time (Table 15).
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Table 15. Clinical characteristics of the controls and GDM subjects in index pregnancy and at
the follow-up study stratified according to the offspring’s birth weight.

Offspring’s birth weight AGA (10-90th percentile) LGA (>90th percentile)
Mean * SD or % Mean * SD or %
No GDM GDM No GDM GDM
(Controls) (Group 1) (Group 2) (Group 3)
Number of subjects 286 376 48 68
At the index pregnancy
Age (yrs) 295+54 31.8 +6.0** 30.6+£5.0 32.6 £6.3*
Primiparity (%) 53.0 35.0* 34.1* 22.2**
Pre-pregnancy BMI (kg/m?) 23.8+3.8 26.4 £ 5.0 25.7 £ 3.5* 26.7 £ 4.1**
Family history of diabetes (%) 69.4 81.4** 75.0 80.9
Prior child's birth weight > 4000g (%) 25.4 25.6 43.8* 60.4**
Prior spontaneous abortion (%) 16.8 19.9 18.8 35.3*
Prior cesarean section (%) 59 9.6 16.7 7.4
Gestational age (d) 280 + 11 2799 279 + 11 278+ 8
Pre-eclampsia (%) 1.4 5.3* 2.1 5.9*
Birth weight (g) 3595 + 385 3596 + 406 4365 + 424** 4421 + 370**
Placental-fetal mass ratio (%) 17.1+£3.0 17.5+£3.0 20.6 £15.8* 17.9+25*
Low Apgar score 1 min <7 (%) 1.7 5.9* 6.3 4.4
At the follow-up study
Follow-up time (yrs) 8555 5.3+4.3* 74154 6.2 +4.9*
Age at follow-up (yrs) 38.4+6.4 37472 38.3+538 39.1+75
BMI (kg/m?) 26.5+4.9 28.3£5.7* 279+ 4.8 29.2 +4.9*

Weight gain during the follow-up

time (kg) 5776 3679 43+76 5.6+9.3

GDM=gestational diabetes mellitus, BMI=body mass index, AGA=appropriate for gestational age,
LGA=large for gestational age. All groups compared to controls separately.

*p<0.05

**p<.0001

The comparison of cardiovascular and metabolic parameters of the study groups at
follow-up is shown in Table 16. The women with GDM in both birth weight groups
and the women without GDM with an LGA delivery had significantly higher waist
circumference than the control group; approximately 80% of the women in those
three groups reached the 80 cm waist circumference limit. Both GDM groups had
significantly lower HDL levels and higher fasting plasma glucose than the control
group, with approximately 50% of the women with GDM exceeding the limit 5.6
mmol/l at the follow-up visit. The mean triglyceride levels were higher in women
with GDM in both birth weight categories. However, the study groups did not
differ significantly concerning the triglyceride level over 1.7 mmol/l required for
MetS criterion. No significant differences were observed in total blood pressure
between the study groups, even though the mean systolic blood pressure in both
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GDM groups and diastolic pressure in the women with GDM and LGA infants was
significantly higher as compared to controls (Table 16).

Table 16. The components of the metabolic syndrome (MetS) in the study subjects at the
follow-up study stratified according to the offspring’s birth weight.

Offspring's birth weight AGA (10-90th percentile) LGA (>90th percentile)
Mean * SD or % Mean * SD or %
No GDM GDM No GDM GDM
(Controls) (Group 1) (Group 2) (Group 3)
Number of subjects 286 376 48 68
Waist circumference (cm) 85.3+11.6 91.0 + 13.8** 88.8 +10.8* 94.2 + 12.9**
Waist circumference = 80 cm (%) 64.0 77.6™* 81.3* 89.7**
Fasting glucose (mmol/l) 53+04 5.6 £0.8** 54+04 5.8 +0.8**
Fasting glucose = 5.6 mmol/l (%) 25.2 46.8** 29.2 58.8**
Triglycerides (mmol/l) 1.0+£0.6 1.1+0.6* 0904 1.2+0.5*
Triglycerides = 1,70 mmol/l (%) 10.6 15.2 4.2 16.2
HDL cholestrol (mmol/l) 1.5+04 1.4 +0.4* 1.6+0.3 1.3+0.3**
HDL cholestrol < 1.29 mmol/l (%) 28.3 44 1** 20.8 57.4*
Systolic pressure (mmHg) 1225+ 143 125.8 +14.1* 121.4+10.1 1284 +14.2*
Diastolic pressure (mmHg) 78.3+9.6 79.3+9.2 77575 81.3 +£10.0*
Blood pressure = 130/285 mmHg (%) 34.3 38.8 271 45.6
Metabolic syndrome (IDF) (%) 245 43.6™* 18.8 54.4*

GDM gestational diabetes mellitus, BMI body mass index, AGA appropriate for gestational age,
LGA large for gestational age. All groups compared to controls separately

*p<0.05

**p<.0001

The incidence of MetS at the follow-up study stratified with the birth weight of
the offspring is illustrated in Figure 12. The incidence of MetS was higher in women
with GDM and an LGA (54.4%) than an AGA delivery (43.6%). Furthermore, the
incidence of MetS in LGA study groups was three times higher in women with
GDM as compared to the normoglycemic women. However, the incidence of MetS
did not differ significantly in the non-GDM group between the AGA (24.5%) and
LGA (18.8%) groups.
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MetS=metabolic syndrome, GDM=gestational diabetes mellitus, AGA=appropriate for gestational
age (offspring birth weight 10-90th percentile), LGA=large for gestational age (offspring birth weight
>90th percentile). All groups compared to controls (subjects without GDM in the AGA group)
separately.

* p<0.05

**p<.0001

Figure 12. The incidence of the metabolic syndrome among the study groups at the
follow-up visit according to the birth weight of the newborn.

7.5 DISCUSSION

Our long-term study indicated that after an LGA delivery, the incidence of MetS is
three times higher in women with GDM compared to those without GDM.
Increased waist circumference was the only component of MetS in the non-GDM
LGA group that was more prevalent than in the control group. Among the women
with GDM, the limits of MetS in fasting glucose and HDL cholesterol were broken
more often than in the control group. Overall, LGA delivery alone did not predict
future MetS in women with normal glucose tolerance during pregnancy. In
contrast, delivery of an LGA infant in women with GDM predicts future risk of
MetS and thus risk for future cardiovascular disease.

Previously, only few studies have focused on the components of MetS
separately after an LGA delivery without GDM. In our study, the mean waist
circumference was significantly greater in women with GDM at follow-up in both
birth weight categories. In addition, 81.3% of the women with a prior LGA delivery
without GDM exceeded 80 cm waist circumference limit fulfilling the compulsory
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criterion of MetS. An explanation for this could be high pre-pregnancy BMI in this
study group and genetic susceptibility to such body composition. These results are
in agreement with a previous 18-years follow-up study showing that waist
circumference and fasting glucose were the only significant components of MetS in
mothers with LGA infants with or without GDM during their pregnancies (Fraser
et al. 2012). In agreement with our results, no difference was observed in waist
circumference in women with macrosomic (> 4 kg) or stillborn newborns as
compared to age-and BMI-matched women without macrosomic deliveries in a 9-
year follow-up study in women without previous GDM (Tehrani et al. 2012).

The development of dysglycemia and type 2 diabetes in women with a
background of GDM supported by a large body of evidence (Bellamy et al. 2009,
Kim et al. 2002). In accordance, a higher percentage of fasting glucose > 5.6 mmol/l
was detected at follow-up in both GDM groups as compared to controls regardless
of the birth weight category. However, no significant difference in fasting glucose
was observed in women with a previous LGA delivery without GDM comparedto
controls. This is in agreement with a previous 2-year follow-up study, where fasting
glucose levels did not differ between the non-GDM women with previous LGA and
AGA deliveries (Moses et al. 1997). Moreover, a 9-year follow-up study did not find
any differences in fasting glucose concentrations in women with and without
previous macrosomic newborns with absence of GDM during pregnancy (Tehrani
et al. 2012).

In our study, LGA delivery without previous GDM did not predict later
dyslipidemia as compared to the controls. Mean HDL cholesterol levels were lower
and triglycerides slightly higher in women with GDM in both birth weight
categories. However, concerning the lipid components of MetS, only low HDL
cholesterol was more prevalent in the GDM groups than in controls. In agreement
with our findings, a study performed 2 years after pregnancy revealed that no
significant differences were observed between 18 women with LGA infants and 18
women with AGA infants with respect to lipids (Moses et al. 1997).
Correspondingly, a 9-year follow-up study demonstrated no differences in the
incidence of dyslipidemia between 570 women with a history of macrosomia or
stillbirth without GDM compared to age-and BMI-matched controls (Tehrani et al.
2012). In contrast to these reports, a study of 48 women with previous birth of large
infants and without glucosuria during pregnancy demonstrated that after 20-27
years postpartum these women had significantly lower concentration of HDL-
cholesterol compared to age-, parity-and BMI-matched controls with birth weight <
4500g (Spjuth et al. 1993). Further, a study of 332 women with a prior LGA delivery
reported lower HDL-cholesterol levels than in 2630 women with an appropriate-
for-gestational-age (AGA) newborns in an age-adjusted model 18 years after
pregnancy (Fraser et al. 2012). However, when adjusted for confounders the
statistical significance was lost.

No studies have reported on the prevalence of the MetS high blood pressure
criterion (2130/>85 mmHg) after an LGA delivery. We found no differences in this
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prevalence between the study groups. In agreement with our results, a prior
macrosomic or LGA delivery in women without GDM did not predict later
increased systolic or diastolic blood pressure in two-previous follow-up studies
(Tehrani et al. 2012, Spjuth et al. 1993).

Although some previous research has been carried out on components of MetS
after an LGA delivery, the overall incidence of MetS has not been known. Our
results show that 54.4% of women with GDM and an LGA delivery developed
incident MetS during the follow-up, as compared to 43.6% in the AGA group.
Interestingly, in women without GDM, the incidence of MetS was not higher with a
previous LGA delivery as compared to the group with AGA delivery even though
maternal BMI was higher in the LGA group. In this study, a considerable part of the
women without GDM were overweight (BMI = 25 kg/m2) in pre-pregnancy: 28.7%
in the AGA and 51.1% in the LGA group (data not shown) as a result of risk-based
screening for GDM. Therefore, it could be assumed that an LGA delivery in women
without GDM is not predictive for later metabolic risk factors and MetS. Similarly,
no association between an LGA delivery with the calculated 10-year CVD risk after
adjustment for confounders was found in another study (Fraser et al. 2012).

The strengths of the current study included the long-term follow-up of a well-
characterized cohort of women, and the similar treatment received by all
participants with GDM during pregnancy. It should be noted that in the present
study, the GDM criteria in years 1989— 2008 were tight especially regarding the
fasting glucose value in OGTT. Thus, some women with GDM who would not be
diagnosed with GDM using the current criteria

were included as GDM women. This analysis has concentrated on women who
were chosen from an obstetric population with risk factors for GDM potentially
causing some selection bias. In addition, the study setting was cross-sectional at the
time of follow-up OGTT, not longitudinal which would have been optimal to
standardize the protocol. Notwithstanding its limitations, this study does suggest
that even though all subjects have GDM risk factors, an LGA delivery does not
predict later MetS in women without GDM.

In conclusion, the women without GDM were at a lower risk than those with
GDM for MetS even with an LGA delivery. This probably reflects good maternal
vascular health and its effects on birth weight. In contrast, women with GDM and a
previous LGA delivery should be considered as a high-risk target group for
prevention of future MetS and CVD.
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7.6 CONCLUSION

In summary, an LGA delivery without GDM was not significantly associated with
future maternal MetS risk in the mean follow-up time of 7.3 years. High offspring
birth weight in this group is likely to be related to maternal vascular health and
genetic factors. In contrast, women with GDM who have had an LGA delivery
should have a stringent follow-up after pregnancy to reduce the risk of future MetS
and enhance women'’s cardiovascular health.
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8 GENERAL DISCUSSION

8.1 THE MAIN FINDINGS

Women with previous GDM are at increased risk for later T2DM and MetS (Studies
I and II). This risk increases substantially by the degree of glycemic abnormality
during a pregnancy. After a 10-year follow-up, the risk of later T2DM in GDM
women with > 2 abnormal values in OGTT was 25% compared to 3.8% in women
with one abnormal value. The corresponding risks for later MetS were 46.2% and
62.5%, respectively. The burden of T2DM in women with GDM continuously
increased during the 10-year follow-up, whereas the incidence of MetS remained
nearly constant. Abnormal post-challenge glucose levels were the best predictors of
later T2DM, whereas abnormal fasting plasma glucose was the best marker to
predict later MetS. Therefore, OGTT results in women with GDM provide an
opportunity to identify a group at markedly high risk for later morbidity.

Fetal macrosomy associated with maternal GDM increases the maternal risk of
later prediabetes, T2DM and MetS (Studies III and 1V). The incidence of
prediabetes, T2DM and MetS after a delivery of an LGA infant were 52.9%, 11.8%
and 54.4% in GDM women. A delivery of an LGA infant without maternal
dysglycemia was not associated with maternal adverse metabolic outcomes in the
mean follow-up time of 7.3 years. These results demonstrate that women with
previous GDM combined with an LGA newborn should be the target of more
stringent follow-up and preventive measures after pregnancy to diminish
morbidity and the risk of future cardiovascular diseases.

8.2 FINDINGS IN RELATION TO OTHER STUDIES

There is compelling evidence that GDM in pregnancy identifies women at risk for
future T2DM (Bellamy et al. 2009), MetS (Xu et al. 2014) and also cardiovascular
disease (Shah et al. 2008, Kramer et al. 2019). The incidences of T2DM, Mets and
CVD vary depending on the GDM criterion, the population studied and the length
of follow-up. This study performed on the Northern Savo population is in line with
previous studies and demonstrates an incidence of up to 25% of later T2DM and up
to 63% of later Mets after 10-year follow-up in women with a history of GDM.
Specifically, these findings emphasize the elevated risk in women with two or more
abnormal values in OGTT during pregnancy and therefore these women should be
followed intensively after the pregnancy. In practice, women with several abnormal
values in OGTT represent a more difficult form of GDM and more often require
tight diet or insulin treatment. There are no previous studies that separate
hyperglycemia into more detailed groups based on the number of abnormal values
in OGTT, even though studies carried out in GDM women requiring insulin have
been published.
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However, women with one abnormal value in OGTT also require follow-up
after delivery. According to the present study, after 10 years of follow-up 3.8% and
46.2% of these women developed T2DM and MetS, respectively. These findings are
in parallel with previous studies concerning the risk of mild gestational
hyperglycemia and the later development of T2DM and MetS. A recent study from
United States found that MetS was present in 32.9% of women with a previous
diagnosis of mild GDM 5-10 years after pregnancy (Varner et al. 2017). Mild GDM
was defined as two or more abnormal glucose values in 3-hour OGTT with fasting
value below 4.7 mmol/l. They also found that the incidence of later T2DM increased
from 5.2% to 10.5% if women had subsequent pregnancies. Two other studies in
women who screened positive in a GCT but had a normal OGTT demonstrated a
two-fold higher risk for future MetS (Bo et al. 2006) and 20% higher risk for CVD
(Retnakaran and Shah 2009) after pregnancy. The HAPO Study revealed a
continuous association between increasing glucose levels and birthweight above
90t percentile and cord -blood serum C-peptide levels, showing that even mild
hyperglycemia during pregnancy should be treated (HAPO Study Cooperative
Research Group, Metzger et al. 2008). Based on the findings from the HAPO -data
and the present study, it is obvious that the risks of future T2DM and MetS are a
continuum, increasing linearly with the deteoriation of maternal glucose tolerance
during pregnancy.

The present study demonstrated that post-challenge glucose levels in OGTT
during pregnancy were the strongest predictors of incident T2DM, whereas the
fasting glucose level was prognostic of future MetS. GDM associates with both
insulin resistance and impaired (-cell function. Fasting glucose levels particularly
reflect hepatic insulin resistance, which is closely linked to visceral adiposity.
Therefore, fasting glucose better reflects the risk of later MetS. Abnormal post-
challenge glucose level usually is derived from the defect in (-cell function in the
presence of insulin resistance (Moleda et al. 2013). The findings of the present study
are in line with previous studies that have demonstrated the significance of the
fasting glucose value as a predictor of MetS (Akinci et al. 2010, Tam et al. 2013) and
emphasize the fact that women with only an abnormal fasting value in the OGTT
are an important group to target strategies to prevent the MetS. Furthermore, the
present results are in line with the previous findings that postprandial glucose
levels are the best predictors of T2DM (Akinci et al. 2011, Rayanagoudar et al. 2016),
althougt there is also strong evidence that the fasting value is more predictive
(Noctor et al. 2016, Akinci et al. 2011, Rayanagoudar et al. 2016). The present study
was unable to demonstrate this. Overall, our findings emphasize that it is important
to consider the prognostic value of the OGTT during pregnancy in a comprehensive
way.

A previous systematic review consisting of 28 studies showed that the incidence
of T2DM increased markedly in the first 5 years after delivery and appeared to
plateau after 10 years follow-up (Kim et al. 2002). In the present study, the
incidence of T2DM increased with time throughout the 10-years follow-up without
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any detectable signs of a plateau. The incidence of MetS after GDM pregnancy
remained constant during follow-up, affecting about 60% of women in the high-risk
group already five years after pregnancy. This illustrates the fact that protective
interventions after pregnancy were not very successful. In contrast, the incidence of
MetS in women with a milder form of GDM increased continuously during the
follow-up time after pregnancy. This strengthens the findings of previous studies
that even mild gestational hyperglycemia is an important risk factor for adverse
maternal long-term health (Varner et al. 2017) and needs to be targeted shortly after
pregnancy.

The historical Pedersen theory proposed that all women delivering LGA infants
would be at risk for later development of T2DM due to maternal hyperglycemia-
derived fetal hyperinsulemia and thus, fetal overgrowth. However, the results of
the present study demonstrated, that women who had normal glucose tolerance
during the pregnancy and who gave birth to LGA infants were not at increased risk
for later development of T2DM, which is in agreement with previous studies
(Moses et al. 1997, Kew et al. 2011, Tehrani et al. 2012).

Our present study demonstrated that a delivery of an LGA infant after a GDM
pregnancy increases the risk of later development of T2DM and thus shows a
specific target group for interventions after the pregnancy. This result is in contrast
with a recent meta-analysis of nearly 1021 women which reported, that having a
macrosomic infant was not associated with the risk of future T2DM that appears to
be mostly influenced by gestational glucose tolerance (Rayanagoudar et al. 2016).

The overall incidence of MetS has not been studied after a delivery of LGA
infant. The present results demonstrated that after the delivery of a macrosomic
infant, the incidence of MetS was three times higher in women with GDM than in
those without GDM. Fasting glucose and HDL cholesterol were the most
remarkable traits of MetS in these women. Previous studies concerning maternal
long-term health after having an LGA newborn have concentrated separately on
metabolic traits of MetS mainly in women without GDM. These studies have found
no differences in waist circumference, fasting glucose, lipids or blood pressure
between non-GDM women with a prior LGA or AGA deliveries (Tehrani et al.
2012, Moses et al. 1997, Spjuth et al. 1993). In the present study, 80% of women with
a previous LGA delivery without GDM fulfilled the main criterion of waist
circumference probably mirroring higher pre-pregancy BMI and the more stringent
waist circumference criterion of the IDF. Therefore, the incidence of MetS was
present already in 20% of these women. In summary, GDM women with an LGA
delivery represent an especially high-risk group for later T2DM and MetS, and
therefore, preventive practices should be targeted to them.
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8.3 VALIDITY AND LIMITATIONS OF THE STUDY

This hospital register-based cohort study included women whose pregnancies
were treated in Kuopio University Hospital, Finland, in 1989-2009. Women who
had the diagnosis of GDM and a random sample of normoglycemic women who
had also undergone an OGTT during pregnancy, were contacted by a letter and
invited for the study. A total of 489 women with GDM and a random sample of 385
women with normal OGTT result during pregnancy attended the follow-up study.
1234 women did not reply or declined to participate in the study. This cohort study
included women whose GDM diagnosis was retrospectively collected from the
Hospital Register. The diagnosis of GDM was verified with the OGTT results of the
Hospital Birth Register and by a questionnaire during follow-up visits. Women
were classified as GDM if they had any GDM pregnancy during the data collection.
To eliminate confounding factors, women with overt T2DM at the time of
pregnancy or type 1 diabetes mellitus diagnosed after the index pregnancy and
those with a multiple pregnancy were excluded.

The accumulated data of participants were affected by a selection bias caused by
eligible women who did not reply to the invitation letter and who declined to
participate in the study. Features among nonattenders and their risk for T2DM are
unknown. Therefore, the results of this study are valid only in women who aim to
attend the follow-up examination after pregnancy, not all women with a previous
GDM pregnancy. Since screening of GDM was risk factor -based during the data
collection time, all women included in this study belonged to the risk group for
GDM. Therefore, they do not represent the whole population of pregnant women,
limiting the generalization of the results. However, during the data collection, the
GDM criteria in years 1989-2008 were more stringent with regard to the fasting
value cut off. This emphasizes the fact, that the control women were certainly
normoglycemic regarding of fasting glucose level (although they were at risk for
GDM). This validated the comparison of GDM women to controls and made the
results of the present study more reliable. This is a notable strength of the study,
since the adverse outcomes of pregancy have been demonstrated to increase
linearly with glucose thresholds already below those of GDM.

The incidence of T2DM is estimated to be 3.1% in women aged 30-49 years
according to the FINNRISK- study in 2017 (Koponen et al. 2019). In this study, the
incidence of later T2DM in GDM women with > 2 abnormal values in OGTT was
15.9%. Therefore, the OR for later development of T2DM in GDM2 patients
compared to the background population of women is 5.8 (95% CI 3.7 — 9.0),
highlighting the role of OGTT during pregnancy in prediction of later T2DM. In
contrast, there was only one case (0.3%) of T2DM among control women, indicating
that the risk of T2DM is lower in control women than in women of same age in the
background population (OR 0.08 (95% CI 0.01 — 0.57)). This emphasizes the finding
that normal glucose tolerance during pregnancy protects against incident T2DM
despite having risk factors for GDM.
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The comparability of the present study findings with other studies is
challenging because the diagnostic criteria of GDM vary worldwide, and there are
wide variations in study settings, follow-up times and ascertainment of cases and
controls. Other confounders such as lifestyle factors were not assessed in this study.
Moreover, the present study was performed in Caucasian women and cannot be
generalized to other ethnic groups.

8.4 CLINICAL SIGNIFICANCE AND GENERALIZABILITY OF THE
RESULTS

There is compelling evidence of an increased risk for metabolic disturbances like
T2DM and MetS in women with a history of GDM. The current study confirms the
previous findings and provides data to implement follow-up services for these
women after delivery to delay or prevent these metabolic disturbances. Based on
the study results (I-IV), the individualized risk of later T2DM and MetS can be
established with the information of the OGTT results during pregnancy and the
knowledge of the newborn weight.

Study I and II show that women with two or more abnormal values were at
greatest risk for incident T2DM and MetS. Women with one abnormal value in the
OGTT also belong to a moderate -risk group. Moreover, this study demonstrated
that the risk for future T2DM and MetS was increased at even milder fasting
glucose levels in the OGTT during pregnancy than those presented in the recent
Current Care Guidelines in Finland and in different guidelines used in other
countries. This highlights the fact that the results of the OGTT during pregnancy
should not be interpreted only with certain thresholds. The results should rather be
considered more as a continuum of risk for later development of metabolic and
cardiovascular diseases.

Fetal macrosomy without maternal dysglycemia during pregnancy did not place
these women at risk for later T2DM and MetS (study III and IV). Therefore, an LGA
newborn in such cases is presumably a consequence of factors other than maternal
hyperglycemia during pregnancy. When an LGA delivery is accompanied by
abnormal glucose tolerance during pregnancy, the risk for future T2DM and MetS
appeared to be high.

Women with GDM are at increased risk for both T2DM and MetS. In practice,
the risk of T2DM after GDM pregnancy has been the main theme of prevention in
parental clinics. The results of this study add to this that also the incidence of MetS
is very frequent among women with previous GDM. Thus, the metabolic traits of
MetS need to be assessed appropriately to prevent later cardiovascular diseases.

Pregnancy is an important phase in a woman's life since during that time she is
in regular contact with the health care system. Therefore, it offers an exceptional
opportunity to influence a woman's future health. Moreover, the incident T2DM
and CVD appears to manifest as early as the first decade after GDM pregnancy
(Kim at al. 2002, Kramer et al. 2019). The economic costs of these diseases are
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enormous. It has been estimated that outlays for diabetes was 3 384 million euros in
Finland year 2011 (Koski et al. 2018). Therefore, efforts to prevent morbidity of
these young women after a GDM pregnancy are extremely important and cost-
efficient.

How to improve the follow-up of women with previous GDM after pregnancy
is, however, challenging. Previous studies have shown that the follow-up of women
with a history of GDM is inadequate, and a significant opportunity for
interventional measures has been missed. A recent study mapped different
postpartum reminding systems six month postpartum and found that the most
preferred ones were electronic reminders like SMS (Van Ryswyk et al. 2016).
Several women also desired a shorter and more convenient test for detecting T2DM.
Another study has demonstrated that participation in any glucose test postpartum
was higher in women who were reminded (Clark et al. 2009). Barriers to participate
to postpartum tests are commonly lack of time, problems with childcare and
generally feeling healthy. Thus, education during and after pregnancy should not
be underestimated, and barriers between pregnancy-focused care and primary care
must be diminished. In this regard, the role of the parental and child health clinic is
highly important to intervene and prevent long-term morbidity in mothers. Further
knowledge is needed on how to best utilize the information provided by the history
of GDM in pregnancy to improve women's long-term health.
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9 CONCLUSIONS

IL

III.

IV.

Women with two or more abnormal values in the OGTT during
pregancy are at the greatest risk for later T2DM when compared to those
with one abnormal value or women with a normal OGTT. Post-
challenge glucose levels in the OGTT are the most predictive of incident
T2DM. These findings emphasize the predictive value of an OGTT
performed during pregnancy in the evaluation of the individualized risk
for future dysglycemia in women with previous GDM.

The incidence of MetS is highest in women with two or more abnormal
values in the OGTT during pregnancy as compared to those with one
abnormal value or normoglycemic controls. The incidence of MetS is
increased up to 60% five years postpartum and remains stable during a
ten-year follow-up in women with several abnormal values in the
OGTT, whereas the incidence of MetS seems to increase continuously in
women with one abnormal value in the OGTT. This indicates that
women with a milder dysglycemia during prenangy also represent an
important group for lifestyle intervention.

Women diagnosed with GDM and who gave birth to a macrosomic
newborn are at an increased risk for future T2DM, whereas
normoglycemic women during pregnancy with an LGA newborn are
not at risk for later T2DM. This result reveals an important target group
for preventive measures and follow-up after the pregnancy.

A delivery of macrosomic infant without GDM is not associated with
future risk of maternal MetS. However, over 50% of woman with
previous GDM and an LGA infant delivery developed MetS during the
mean follow-up of 7.3 years. Thus, this risk group should be stringently
followed up after delivery to enhance later cardiovascular health.
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HEIDI HAKKARAINEN

Gestational diabetes (GDM) is a common
hyperglycemic state that occurs during
pregnancy. Women with GDM are at risk for
later development of type 2 diabetes (T2DM),
metabolic syndrome (MetS) and cardiovascular
diseases. The aim of this thesis was to define
the incidence of T2DM and MetS in women
according to the degree of hyperglycemia
during pregnancy. The impact of a large-for-
gestational-age newborn on the later risk of
maternal T2DM and MetS in women with and
without GDM was also explored.
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