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POPULAR SCIENCE SUMMARY OF THE THESIS 

The global prevalence of neurodevelopmental and psychiatric disorders is gradually rising. 

The cause of these disorders is multifactorial with an interplay between genetic and 

environmental factors. However, the etiological factors, and their effect magnitude, of 

neurodevelopmental and psychiatric disorders remain largely unknown. Recent research from 

animal models reported that prenatal exposure to metabolic disturbances may influence 

offspring neurodevelopment.  

There are six population-based cohort studies included in this thesis, aiming to explore 

prenatal and perinatal risk factors for offspring neurodevelopmental and psychiatric disorders.  

In Study I and II, we wanted to see how the interplay between maternal pre-pregnancy 

obesity and different types of diabetes might influence offspring neurodevelopmental and 

psychiatric disorders. We included close to 650 000 births in Finland between 2004 and 2014 

to determine the magnitude of association of maternal pre-pregnancy obesity, insulin-treated 

pre-gestational diabetes, pre-gestational type 2 diabetes and gestational diabetes with 

offspring neurodevelopmental and psychiatric outcomes. We found that mothers with pre-

gestational diabetes and severe obesity had children with a greater risk of developing 

neurodevelopmental and psychiatric disorders compared with mothers with either obesity or 

diabetes alone. The risk was highest for those exposed to insulin-treated pre-gestational 

diabetes, followed by type 2 diabetes and gestational diabetes.  

In Study III, we aimed to examine whether maternal polycystic ovary syndrome and/or 

anovulatory infertility independently, or jointly with maternal obesity, gestational diabetes, 

cesarean delivery and perinatal problems, are associated with a wide spectrum of mild 

neurodevelopmental and psychiatric disorders. We included all live births in Finland, ~ 1 

million, between 1996 and 2014. We detected associations of maternal polycystic ovary 

syndrome and/or anovulatory infertility with offspring mild neurodevelopmental and 

psychiatric disorders, with no difference between male and female offspring. The effect sizes 

of these associations became larger when exposures were joint with maternal obesity, 

gestational diabetes, cesarean delivery, and perinatal problems, but not fertility treatment.  

In Study IV, we aimed to explore whether maternal preeclampsia, alone or followed by 

preterm birth or small birth size, indicating severe preeclampsia, is associated with the risk 

for neurodevelopmental and psychiatric disorders in offspring. We included all singleton live 

births (n=1 012 723) between 1996 and 2014, with a follow-up until December 2018. We 

found an increased risk of specific developmental disorders, attention-deficit/hyperactivity 

disorders and conduct disorders in offspring of mother with severe preeclampsia, the 

association of which were beyond those of perinatal problems only and not explained by 

measured and unmeasured familial confounding. However, the associations detected between 

mild preeclampsia and offspring disorders were explained by unmeasured familial 

confounding. 



In Study V, we wanted to demonstrate whether maternal different types of diabetes, 

independently or jointly with maternal underweight or obesity, are associated with offspring 

being premature and/or large for gestational age. All live births in Finland from 2004 to 2014 

(n=649 043) were included in this population-based cohort study. We found that maternal 

insulin-treated diabetes was associated with markedly increased risks for large for gestational 

age births and preterm births regardless of the maternal pre-pregnancy body mass index, 

while type 2 diabetes with obesity had mild to moderately increased risks.  

In Study VI, we aimed to investigate the association of preterm birth and abnormal birth size 

among singleton spontaneous births, independently and jointly, with offspring 

neurodevelopmental and psychiatric disorders. All singleton live births (n=811 834) in Finland 

from 1996 to 2014 were included in this population-based cohort study and followed until 

December 2018. This study found that preterm birth and abnormal birth size were each 

associated with the risks for neurodevelopmental and psychiatric disorders in spontaneously 

born children and that preterm birth accompanied by small birth size implied a higher risk than 

preterm birth or small birth size alone.  

To summarize, prenatal and perinatal exposure to the mentioned conditions, separately and 

jointly, was associated with offspring neurodevelopmental and psychiatric disorders as well 

as adverse birth outcomes. Understanding the risks of mother-related metabolic conditions 

and perinatal factors can provide justification for pregnancy counseling and management, and 

subsequent intervention to avoid adverse birth outcomes and aberrant neurodevelopment. 

  



 

 

ABSTRACT 

Prenatal metabolic disturbances have been reported to increase the risk for offspring adverse 

outcomes. However, the joint (i.e. combined) effects of several prenatal metabolic exposures 

on offspring neurodevelopmental and psychiatric disorders are less well documented, and few 

studies have investigated the associations between prenatal metabolic risks and offspring 

neurodevelopmental and psychiatric disorders other than attention-deficit/hyperactivity 

disorders (ADHD) and autism spectrum disorders (ASD). This thesis aims to explore if, and 

at what magnitude, prenatal metabolic risks are associated with adverse birth outcomes and 

offspring neurodevelopmental and psychiatric disorders.  

Study I and II investigated the combined effects of maternal pre-gestational obesity and 

different types of diabetes on the risk for offspring neurodevelopmental and psychiatric 

disorders, using a population-based cohort. All live births in Finland between 2004 and 2014 

(n=649 043) were included with a followed-up until 2014. Cox proportional hazards 

regression analyses with adjustment for possible maternal and birth-related confounders were 

used to estimate the effect of the exposures by maternal diabetes, stratified by categories of 

maternal body mass index (BMI), on the outcomes of offspring neurodevelopmental and 

psychiatric disorders and offspring prescription of psychotropic drugs. Study I found that the 

combination of maternal insulin-treated pre-gestational diabetes mellitus (PGDM) and severe 

obesity was associated with a markedly higher risk for any neurodevelopmental and 

psychiatric disorder in offspring (Hazard ratios [HR]=2.97; 95% CI, 2.23–3.96), than severe 

obesity (HR=1.45; 95% CI, 1.35–1.56) or PGDM (HR=1.17; 95% CI, 0.99–1.39) alone. 

Gestational diabetes mellitus (GDM) did not increase the risk for these disorders.  Study II 

found that compared with normal-weight mothers without diabetes, pre-gestational type 2 

diabetes (T2DM) without insulin treatment in severely obese mothers was associated with 

any neurodevelopmental and psychiatric disorders in offspring (HR=1.97; 95% CI, 1.64–

2.37), although with a lower effect size than that for severely obese mothers with insulin-

treated PGDM (HR=2.71; 95% CI, 2.03–3.61). GDM with severe obesity had a lower overall 

effect size (HR=1.61; 95% CI, 1.50–1.72). 

Study III examined whether maternal polycystic ovary syndrome (PCOS) or anovulatory 

infertility is associated with an increased risk for offspring neurodevelopmental and 

psychiatric disorders up to 22 years of age, using a population-based Finnish cohort including 

all live births (n=1 105 997) between 1996 and 2014 with a follow-up until December 2018. 

Cox proportional hazards regression analyses and stratified analyses, with adjustment for 

possible maternal and birth-related confounders, were conducted. The role of PCOS, 

independently or jointly with maternal obesity, GDM, cesarean delivery, perinatal problems 

and use of fertility treatment, was studied. Results showed that maternal PCOS was 

associated with several neurodevelopmental and psychiatric disorders in offspring (HR for 

any diagnosis=1.32; 95% CI, 1.27–1.38). Compared to offspring to normal-weight mothers 

without PCOS, the risk for these offspring disorders was markedly higher in those to severely 



obese mothers with PCOS (HR=2.11; 95% CI, 1.76–2.53). GDM, cesarean delivery and 

perinatal problems could explain part of the effect sizes, but fertility treatment could not.  

Study IV evaluated whether maternal preeclampsia, alone or jointly with perinatal problems 

(indicating severe preeclampsia), associated with the risk for offspring neurodevelopmental 

and psychiatric disorders using a Finnish population-based cohort of more than 1 million 

births between 1996 and 2014 with a follow-up until December 2018. Cox proportional 

hazards regression analyses and sibling pair analyses were used. This study found an 

increased risk of specific developmental disorders (adjusted HR=2.82; 95% CI, 2.60–3.05), 

attention-deficit/hyperactivity disorders and conduct disorders (adjusted HR=1.88; 95% CI, 

1.65–2.14) in offspring of mother with severe preeclampsia, which were beyond those of 

perinatal problems or mild preeclampsia alone. The sibling pair analysis suggested that the 

associations detected between severe preeclampsia and offspring neurodevelopmental and 

psychiatric disorders were not explained by familial confounding. 

Study V and VI examined associations of maternal diabetes and maternal BMI with 

offspring having abnormal birth weight and/or being preterm at birth including all live births 

in Finland from 2004 to 2014 (in Study V), and associations between prematurity and/or 

abnormal birth weight with offspring neurodevelopmental and psychiatric disorders including 

all live births in Finland from 1996 to 2014 (in Study VI). Study V showed that maternal 

insulin-treated PGDM was associated with markedly increased risks for large for gestational 

age (LGA) births (Adjusted odds ratio [OR]=43.80; 95% CI, 40.88–46.93) and preterm births 

(OR=11.17; 95% CI, 10.46–11.93) regardless of the maternal pre-pregnancy BMI, whereas 

obese mothers with T2DM had mild to moderately increased risks for LGA births 

(OR=12.44; 95% CI, 10.29–15.03) and prematurity (OR=2.14; 95% CI, 1.70–2.69). Further, 

Study VI found that preterm birth (moderately preterm: HR=1.43, 95% CI, 1.38–1.47; very 

preterm: HR=2.86, 95% CI, 2.67–3.07; and extremely preterm: HR=5.40, 95% CI, 4.95–

5.89) and abnormal birth size (small for gestational age [SGA]: HR=1.53, 95% CI, 1.48–

1.59; LGA: HR=1.14, 95% CI, 1.09–1.20) were each associated with the risk for offspring 

neurodevelopmental and psychiatric disorders with larger effect sizes for those born with 

both exposures (very preterm & SGA: HR=5.15, 95% CI, 4.56–5.81; moderately preterm & 

SGA: HR=1.92, 95% CI, 1.75–2.10). Sibling pair analyses indicated that these associations 

were not explained by unmeasured familial confounding.  

Taken together these studies strongly suggest that prenatal and perinatal risk factors should be 

considered in relation to offspring neurodevelopmental and psychiatric disorders. It is 

proposed that future studies aimed at reducing such risk factors should be performed. 
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1 INTRODUCTION 

There are several different neurodevelopmental and psychiatric disorders with different 

characteristics and presentations. The increasing incidence of these disorders has received 

more and more attention as well as challenges worldwide. With the increased occurrence the 

burdens continue to grow with a substantial impact on individuals, their family and major 

social network, as well as economic consequences, in all countries of the world. Many risk 

factors have been implicated to play a role in the development. The interplay between 

genetics and the environment is known to play a key role in this development of these 

disorders. However, the exact etiology of these disorders has not been fully identified. 

Despite this, there are many different treatments available that depend on the type and 

severity of these disorders including psychotropic medication, psychotherapy, brain-

stimulation treatment, group and peer support, physical exercise and combinations of the 

above treatments.  

This thesis, including six population-based cohort studies, aimed to explore prenatal 

metabolic risks for offspring neurodevelopmental and psychiatric disorders. Specifically, 

Study I and II investigated the association of maternal diabetes, separately or jointly with 

maternal pre-pregnancy obesity, with the risk for a wide spectrum of offspring 

neurodevelopmental and psychiatric disorders. Study III evaluated the risk for 

neurodevelopmental and psychiatric disorders in offspring up to 22 years of age in relation to 

maternal PCOS or anovulatory infertility. Study IV examined the magnitude by which 

maternal preeclampsia, alone or jointly with perinatal problems, is associated with the risk for 

offspring neurodevelopmental and psychiatric disorders. Study V and VI assessed the impact 

of maternal diabetes and maternal BMI on abnormal birth size and preterm birth and by what 

magnitude the perinatal factors, separately or jointly, are associated with offspring 

neurodevelopmental and psychiatric disorders.  
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2 LITERATURE REVIEW 

2.1 OVERVIEW  

Metabolic disorders in young adults and neurodevelopmental and psychiatric disorders in 

children and adolescents are on the rise.1,2 There are challenges in developing and 

administering interventions to significantly alleviate these neurodevelopmental disorders. 

Prenatal exposure to maternal metabolic disorders has been shown to influence the fetal 

neurodevelopment, and clinical and epidemiological studies have demonstrated increased risk 

for neurodevelopmental disorders in the exposed children. Therefore, it is from a public 

health perspective important to map the effect sizes of these risks, and it is urgent to identify 

modifiable risk factors for them. This section aims to evaluate the association between 

conditions related to maternal metabolic disturbances and the risk for neurodevelopmental 

and psychiatric disorders in offspring. Recently, multiple research investigated the 

association between various risk factors related to maternal metabolic disturbances (such as 

obesity, preeclampsia, PCOS, or diabetes) and neurodevelopmental and psychiatric diagnoses 

in offspring. 

An increasing number of studies in human and animal models reported that prenatal 

exposures to metabolic disturbances, such as maternal obesity, diabetes and hypertension, are 

associated with offspring adverse health outcomes. First, prenatal exposures to maternal 

obesity, pre-gestational type 1 diabetes (T1DM), GDM, and hypertension were reported to be 

associated with fetal outcomes including prematurity, LGA, macrosomia and perinatal 

death.3-5 However, the associations for T2DM, as well as the joint association of diabetes 

with obesity, to these outcomes are less well documented. Second, prenatal exposures to 

metabolic disturbances, such as maternal pre-pregnancy overweight/obesity, excessive 

gestational weight gain, and GDM, were associated with offspring cardio-metabolic 

outcomes including childhood obesity, diabetes, and hypertension.6-8 Third, prenatal 

exposures to maternal obesity, diabetes, and hypertension were associated with childhood 

respiratory outcomes, such as wheezing and asthma.9-11 Last but not least, prenatal exposures 

to metabolic disturbances, mainly maternal obesity, were associated with offspring cognitive 

function and neurodevelopmental and psychiatric disorders.12-15 This is reviewed in detail in 

Chapter 2.5. To date, the etiology of neurodevelopmental and disorders is largely unknown, 

although heritability spans from 30-90% reflecting polygenic underpinnings. Key 

mechanisms by which maternal metabolic disturbances might influence fetal and offspring 

neurodevelopment are supported by animal studies16-18 including gene-related effects, 

epigenetic effects, immune activity effects, metabolic hormone disruption, neurotransmitter 

alterations, and interference with signaling pathways. Moreover, we conducted a narrative 

review19 in the Appendix highlighting epidemiological studies from the past decade,20-51 and 

provided an overview of the relationship of maternal diabetes or obesity to offspring 

neurodevelopmental and psychiatric disorders, focused on the disorders that had been 

investigated, i.e. reduced cognitive function, ASD, ADHD and conduct disorders. However, 

maternal metabolic disturbances associated with other neurodevelopmental and psychiatric 
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disorders in offspring is less well studied. The overall aim of my thesis is to explore effects of 

prenatal exposure to metabolic disturbances on the risk for offspring neurodevelopmental and 

psychiatric disorders. 

2.2 EPIDEMIOLOGY  

In the above map (Retrieved from: https://ourworldindata.org/grapher/share-with-mental-and-

substance-disorders), we can see that mental and substance use disorders are very common 

worldwide: about 15% of people suffer from one or more of these disorders.52 However, the 

prevalence varies significantly by country and disorder type. ASD and ADHD, not included 

above, are common neurodevelopmental disorders with early onset in childhood. World 

Health Organization (WHO) estimated that around 1% of children of the world have ASD.53 

This estimate of the administrative prevalence (clinically diagnosed or documented) varied 

substantially across countries.1,54-57 Besides, the global prevalence of ADHD is between 2% 

and 7%, with an average of around 5%.58 The global prevalence is however still rising likely 

because of increased identification of mild symptoms, improved recognition and diagnosis. 

Thus, determining the true prevalence is still a challenge, especially in low- and middle-

income countries.  

2.3 PATHOPHYSIOLOGY  

The pathophysiology of neurodevelopmental and psychiatric disorders is complex and 

heterogeneous within most diagnoses. That has contributed to the fact that despite large 

research efforts, the etiology of these disorders remains largely unidentified for most cases. 

While the contribution of genetic factors on the population level is high, a heritability around 
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60-90% for neurodevelopmental disorders, genetic together with environmental factors 

contribute to a more equal extent to other psychiatric disorders. Genetic variants with large 

effects on gene expression, such as structural variants, contribute to more severe 

neurodevelopmental disorders, whereas in milder neurodevelopmental and psychiatric 

disorders mainly common variants, such as single nucleotide polymorphisms, have been 

found to play a role. For example, ASD is to date one of the most widely studied childhood 

neurodevelopmental disorders. ASD is commonly seen in monogenic syndromes but the 

large group of ASD cases are idiopathic and display a milder phenotype. Evidence have 

shown a strong polygenetic contribution to idiopathic ASD, and suggest early environmental 

risk factors.59,60 A meta-analysis of twin studies have demonstrated a heritability of 64–91% 

for ASD risk.61 Several genome-wide association studies (GWAS) found multiple genetic 

loci where variants were significantly associated with ASD.62-64 The genes encode pathways 

included genes PTBP2, CADPS and KMT2E, chromosomes 3p21 and 10q24, and SNPs 

within voltage-gated calcium channel subunits. Besides, several meta-analysis studies 

indicated that prenatal, perinatal and neonatal exposures as well as other environmental 

factors, such as gestational age at birth, birth order, birth weight, parity, maternal smoking, 

maternal obesity, maternal diabetes, caesarian section, medication use, and deficiency in 

vitamin D may increase the risk of ASD.65-67 Moreover, environmental factors can interact 

with ASD susceptibility genes, which may contribute to changes in gene expression or 

epigenetic changes.68 As for ADHD, several family studies have found two- to nine-fold 

increased prevalence of ADHD in parents and siblings of children with ADHD.69,70 Also  

twin and adoption studies have emphasized the highly heritable nature of ADHD.71,72 GWAS 

have showed that multiple genetic loci contribute to the heritability of ADHD.73,74 The 

underlying mechanisms and pathways of ADHD are inconclusive, but likely involves 

immune activity, metabolic hormones, neurotransmitter alterations, and interference with 

signaling pathways (including hypothalamic-pituitary-adrenal (HPA) axis, serotonergic and 

dopaminergic systems). These effects are more likely gene-environment interactions. 

2.4 TREATMENT AND INTERVENTION  

There are behavioral interventions and pharmacological treatments for psychiatric and 

neurodevelopmental disorders, to alleviate symptoms and for some disorders also to cure. 

Dietary interventions such as restrictive diets or supplements (including omega-3, vitamin 

supplementation) are other possible treatments for young people with neurodevelopmental 

disorders, such as ASD.75 Early cognitive-behavioral interventions are useful to improve 

developmental outcomes among children with ASD.76-78 In addition, psychotropic 

medications and polypharmacy are commonly used in children with ASD to deal with 

commonly co-occurring conditions (anxiety, bipolar disorder, or depression).79,80 Previous 

studies suggest that nearly half of children with ASD have been treated with at least one 

psychotropic medication for comorbid symptoms (including stimulants, atomoxetine, 

antipsychotics, and antidepressants).81,82 Similarly, behavioral interventions,83 dietary 

supplementation,84,85 and medication treatments86 have been proposed to treat some 

symptoms of ADHD and co-occurring conditions. 
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2.5 REVIEW OF PRENATAL METABOLIC RISK FACTORS FOR 
NEURODEVELOPMENTAL AND PSYCHIATRIC DISORDERS  

2.5.1 Maternal pre-pregnancy obesity  

The prevalence of maternal obesity is increasing globally, although there are differences 

between countries. Prenatal exposure to maternal obesity has been extensively investigated in 

human studies with regard to the risk for neurodevelopmental and psychiatric disorders in 

offspring showing modest effect estimates. These disorders include ASD, ADHD, cognitive 

impairment, cerebral palsy, schizophrenia, eating disorders, anxiety and depression.87  

For offspring ASD, several meta-analysis studies have indicated that compared with normal 

weight before or during pregnancy, maternal pre-pregnancy overweight/obesity increased the 

risk.88-90 A Swedish population-based cohort study found that at the population level, the 

exposure to maternal pre-pregnancy overweight/obesity increased the risk of offspring ASD 

(OR=1.31, 95% CI=1.21–1.41; OR=1.94, 95% CI=1.72–2.17; respectively) after adjusting 

for potential confounders, but in matched sibling analyses there was no association between 

maternal overweight/obesity and ASD risk.25  

For offspring ADHD, a meta-analysis study reported that maternal pre-pregnancy obesity was 

significantly associated (OR=1.62, 95% CI=1.23–2.14).91 A prospective cohort study from 

three Nordic countries including 12 556 children found that exposure to maternal obesity had 

about a two-fold risk for offspring ADHD (OR=1.89, 95% CI=1.13–3.15).92 Till now, only 

two prior studies have used a quasi-experimental design to examine the association between 

maternal pre-pregnancy overweight/obesity and offspring ADHD. First, a population-based 

sibling pair study demonstrated that the association between maternal obesity and offspring 

ADHD no longer remained in full-sibling comparisons (HR=1.15, 95% CI=0.85–1.56).30 

Another sibling-comparison study also found no significant association of maternal pre-

pregnancy obesity with offspring ADHD among siblings (OR=0.92, 95% CI=0.80–1.05), 

although one-unit higher maternal pre-pregnancy BMI had an increased risk for offspring 

ADHD by 4.2% (95% CI=1.02–1.06).31  

However, these previous studies mainly focused on the single childhood neurodevelopmental 

disorder, and lacked the magnitude of effects of maternal obesity jointed with diabetes on 

these neurodevelopmental disorders.  

In addition, the impact of maternal obesity on other neurodevelopmental and psychiatric 

disorders with later onset in adolescence or adulthood remains understudied. Anxiety and 

depression are the most common neurodevelopmental and psychiatric disorders in 

adolescents and adults, and their prevalence continues to rise. A cross-sectional 

epidemiologic survey in the US general population demonstrated that maternal pre-pregnancy 

obesity was associated with an approximately 25% increased risk for mood and anxiety 

disorders in the adult offspring.93 Further, a large Australian cohort study found that elevated 

maternal pre-pregnancy BMI was associated with a higher risk for internalizing and 

externalizing problems throughout childhood and adolescence after adjusting for potential 
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confounders.94 In addition, the prevalence of schizophrenia is increasing.95 Onset of 

schizophrenia is mostly in late adolescence-young adulthood. A qualitative review of large 

and population-based epidemiological studies showed that maternal pre-pregnancy obesity, 

compared with mothers with normal birth weight, was associated with two to three times 

increased risk of schizophrenia in the adult offspring.96 However, few studies explored other 

neurodevelopmental and psychiatric disorders due to shorter follow-ups, as well as the lack of 

sibling analyses.  

2.5.2 Different types of maternal diabetes  

Diabetes is a group of metabolic disorders characterized by elevated blood glucose levels, 

impaired insulin secretion, and/or peripheral insulin resistance over a prolonged period of 

time. Approximately 17% of women (20–49 years) worldwide had diabetes during pregnancy 

in 2013, wherein, the highest prevalence was found in the South-East Asia at 25% compared 

with 10.4% in the North America and Caribbean Region.97 Moreover, the global trend of 

diabetes for women is generally on the rise together with population growth and ageing.98  

Exposure to maternal diabetes has been reported to link to neurodevelopmental and 

psychiatric disorders in offspring. Moreover, most previous studies mainly focused on ASD 

and ADHD. For instance, a systematic review and meta-analysis demonstrated that exposure 

to maternal pre-existing diabetes (T1DM, T2DM and other forms of pre-existing diabetes) 

was associated with the increased risk for neurocognitive and behavioral outcomes in 

offspring at any age of assessment.14 Another meta-analysis study showed that exposure to 

maternal GDM was associated with the risk of offspring ASD (RR=1.48, 95% CI=1.26–

1.75).84 A large longitudinal cohort study in California found that maternal GDM (adjusted 

HR=1.42, 95% CI=1.34–2.32) and maternal pre-pregnancy T2DM (adjusted HR=1.33, 95% 

CI=1.07–1.66) were associated with the risk for ASD in offspring.22 Similarly, compared 

with no diabetes exposure, the risk of offspring ASD was increased in mothers with pre-

gestational T1DM ( adjusted HR=2.36; 95% CI=1.36–4.12), pre-gestational T2DM (adjusted 

HR=1.45; 95% CI, 1.24–1.70), and GDM by 26 weeks’ gestation (adjusted HR=1.30; 95% 

CI=1.12–1.51).99 However, these previous studies cannot give the whole picture of 

neurodevelopmental and psychiatric disorders because of shorter follow-up, as well as lack of 

the magnitude of effects by maternal obesity combined with diabetes on these disorders. 

Furthermore, a systematic review and meta-analysis demonstrated that maternal diabetes (no 

restriction on diabetes subtype) may increase the risk for offspring ADHD (RR=1.40, 95% 

CI=1.27–1.54).100 A longitudinal cohort study found that exposure to GDM implied a twofold 

increased risk for offspring ADHD (OR=2.20; 95% CI=1.00–4.82).20 In addition, in utero 

exposure to both maternal pre-pregnancy T1DM (adjusted HRs=1.57; 95% CI=1.09–2.25) 

and T2DM (adjusted HRs=1.43; 95% CI=1.29–1.60) had an increased risk for offspring 

ADHD, compared with mothers without any types of diabetes.21 Besides, a large register-

based cohort study in Norway showed that exposure to maternal pre-pregnancy T1DM was 

related to offspring ADHD (adjusted OR=1.6; 95% CI=1.3–2.0), while there was no 

association between maternal T2DM and the risk for offspring ADHD (adjusted OR=1.1; 
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95% CI=0.7–1.8).32 Again, these previous studies were not comprehensive since the follow-

ups were too short to give an accurate illustration of all neurodevelopmental and psychiatric 

disorders, as well as showing a lack of the magnitude effects by maternal obesity and 

diabetes. 

For sibling analysis in exposure-discordant siblings are rare for maternal T1DM because of 

the early-onset, typically before teenage. Till now, sibling pair analyses aiming to control 

unmeasured familial confounding, with regard to the effect of T2DM and GDM on offspring 

neurodevelopmental disorders have not been well studied.101 Less is also known about the 

sibling pair analyses for the effects of these exposures on a wider spectrum of 

neurodevelopmental and psychiatric disorders other than ASD and ADHD.  

2.5.3 Maternal polycystic ovary syndrome (PCOS)  

PCOS is an endocrine and metabolic disorder among women of reproductive age, with an 

estimated prevalence of 6% to 20%.102 The syndrome is characterized by excessive androgen 

levels and ovarian dysfunction. PCOS, combined with the common comorbidities, i.e. 

maternal obesity, diabetes, and other complications, is likely to alter the intrauterine 

environment, which may have adverse impacts on the offspring.103 A growing body of 

epidemiological and animal studies104-108 have reported effects on behavior and associations 

between maternal PCOS and the risk for offspring neurodevelopmental disorders. Two recent 

systematic reviews and meta-analysis studies15,109 demonstrated that the offspring to mothers 

with PCOS are at an increased risk of developing ASD or ADHD. Among these studies, a 

Swedish nationwide register-based cohort study showed that maternal PCOS was associated 

with the risk for ADHD in offspring (HR=1.46; 95% CI=1.31–1.63), ASD (HR=1.57; 95% 

CI=1.34–1.84), and Tourette’s disorder and chronic tic disorders (HR=1.60; 95% CI=1.08–

2.37) after adjustment for potential confounders, compared with those PCOS-unexposed.106 

In addition, a population-based prospective cohort study indicated that offspring exposed to 

PCOS were more likely to suffer from developmental delay at early years.107 A PCOS-like 

phenotype in an animal model was related to anxiety-like behaviors among the offspring.108 

These findings indicate that maternal PCOS might play a role in the adverse 

neurodevelopmental outcomes in offspring. However, these previous studies did not have a 

comprehensive picture of maternal PCOS and the association with wider spectrum of 

neurodevelopmental and psychiatric disorders in offspring with longer follow-up. 

2.5.4 Maternal preeclampsia  

Complicating 3-8% of pregnancies,110 preeclampsia, differing from other hypertensive 

disorders of pregnancy, is a late pregnancy phenomenon characterized by new-onset 

proteinuria and hypertension after gestational week 20.111,112 Further, preeclampsia may 

present with or without severe features. Although there are the diagnostic criteria for severe 

preeclampsia based on ICD-10 codes, recent clinical care recommendations are to not early 

classify preeclampsia into mild or severe since the preeclampsia can deteriorate rapidly113. As 

delivery is the only effective treatment for preeclampsia, delivery before gestational week 34 
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is often used as a retrospective proxy for severe preeclampsia.114 Since SGA at birth is 

closely associated with utero-placental dysfunction, preeclampsia combined with SGA is also 

considered severe.115,116 An increasing number of studies have reported an association 

between maternal preeclampsia and offspring neurodevelopmental and psychiatric disorders 

outcomes including ASD,12,117-121 ADHD,12,122,123 cognitive dysfunctions,124-127 anxiety and 

mood disorders,128-130 schizophrenia and other psychotic disorders.129-132 For example, a 

systematic review and meta-analysis study showed that offspring exposed to maternal 

preeclampsia had a 32% increased risk of ASD compared with those not exposed (RR=1.32; 

95% CI=1.20–1.45). A prospective cohort study in Norway found that maternal preeclampsia 

was associated with an increased risk for ASD in offspring (OR=1.29; 95% CI=1.08–1.54), 

ADHD (OR=1.18; 95% CI=1.05–1.33), and intellectual disability (OR=1.50; 95% CI=1.13–

1.97) after adjusting for potential confounders.133 Evidence from another nationwide cohort in 

Norway demonstrated that maternal preeclampsia was associated with a mild increased risk 

for offspring schizophrenia (OR=1.3; 95% CI=1.0–1.8).131 On the other hand, a retrospective 

population-based cohort study found that maternal preeclampsia was not associated with 

offspring eating disorders.121 However, these previous studies did not take preterm birth/SGA 

into account in the association between maternal preeclampsia and offspring 

neurodevelopmental and psychiatric disorders. Moreover, the effect of maternal preeclampsia 

on other neurodevelopmental and psychiatric disorders have not been studied adequately.  

Till now, only Swedish population-based studies115,116 on ASD and ADHD and a case-control 

study134 in Taiwan on ASD assessed familial confounding by using sibling pair comparisons. 

These findings demonstrated that familial confounding did not explain the associations of 

maternal preeclampsia with ASD and ADHD, since there were no significant differences in 

effect sizes between the whole population and the comparisons of differentially exposed 

siblings.115,116,134 Furthermore, to my knowledge, there is no sibling-matched study with 

regard to the effect of maternal preeclampsia on other neurodevelopmental and psychiatric 

disorders in offspring. 

2.6 REVIEW OF PERINATAL RISK FACTORS FOR NEURODEVELOPMENTAL 
AND PSYCHIATRIC DISORDERS 

Prematurity and low birth weight (LBW) are very common perinatal problems. Increased 

survival rates due to advances in perinatal and neonatal care have led to growing number of 

adults born preterm, which occurs in 5-18% of all births.135 Children born preterm and/or 

LBW are more susceptible to long-term developmental and neurological issues as well as 

other health problems.136 Maternal obesity, pre-gestational T1DM and GDM have been 

reported to be associated with increased risks of offspring LGA and prematurity. For 

example, a large population-based study from Florida found that for all race or ethnic groups, 

maternal pre-pregnancy overweight or severe obesity increased the risk for LGA neonates 

(RR=1.2, 95% CI=1.16–1.25; RR=2.9, 95% CI=1.76–4.77) compared with maternal normal 

weight.137 This study also estimated the increased risk for offspring LGA among mothers 

with GDM (RR=2.6; 95% CI=2.5–2.8).137 Another cohort study found that among women 
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without GDM, elevated maternal pre-pregnancy BMI was associated with the risk of having a 

LGA infant (OR=1.16; 95% CI=1.05–1.27).138 In addition, a national population study found 

that maternal T1DM was associated with the risk for prematurity (OR=4.21; 95% CI=3.78–

4.71) and LGA birth (OR=4.44; 95% CI=3.99–4.95).139 Further, a cohort study of 46 230 

pregnancies in northern California showed that exposure to GDM increased the risk of 

spontaneous preterm birth (adjusted RR=1.42; 95% CI=1.15–1.77).140 However, the 

associations of T2DM, jointly with maternal BMI, to these outcomes are less well 

documented. 

In addition, preterm birth and low birth weight have been reported to increase risks of some 

neurodevelopmental and psychiatric disorders in offspring, such as ADHD,141 ASD,142 

intellectual disabilities,143 schizophrenia,144 mood and anxiety disorders.145 A systematic 

review and meta-analysis including 12 studies reported that very preterm/very LBW infants 

are about twice more likely to be diagnosed with ADHD and symptomatology (OR=2.25; 

95% CI=1.56–3.26) compared with controls, and this likelihood is approximately fourfold in 

the extremely preterm/extremely LBW infants (OR=4.05; 95% CI=2.38–6.87).146 A 

population-based cohort study including 19 020 children diagnosed with ASD in Denmark 

between 1980 and 2009 observed a dose-response-like relationship between younger 

gestational age and the risk of ASD.147 A population-based case-control study in Finland 

reported that SGA infants increased the risk of ASD (adjusted OR=1.72; 95% CI=1.1–2.6) 

and pervasive developmental disorders (adjusted OR=2.24; 95% CI=1.7–3.0) after adjusting 

for potential confounders.148 In addition, a historical population-based cohort study in 

Sweden suggested increased risk of young adult-onset psychiatric disorders including 

schizophrenia, bipolar affective disorders and depressive disorders with younger gestational 

age, while no associations were observed with SGA and LGA.144 However, the magnitude of 

the combination of prematurity and LBW with offspring neurodevelopmental and psychiatric 

disorders has not been well-defined. Besides, previous studies are inconclusive regarding 

possible sex differences for some psychiatric disorders among preterm births or LBW births, 

and few have examined the risks of preterm/LBW births for other neurodevelopmental and 

psychiatric diagnoses in the late adolescence and early adulthood.144,149-151  

Recently, two population-based sibling cohort studies reported that associations between 

LBW, ADHD and ASD were independent of shared familial confounding, as the magnitudes 

of associations remained significantly elevated in sibling-comparison fixed-effects 

models.152,153 These studies did not identify any associations between reduced birth weight 

and psychotic disorders within sibling pairs, which is in line with previous sibling control 

studies.154,155 However, less is known about the sibling pair analyses for the effects of these 

exposures on a wider spectrum of neurodevelopmental and psychiatric disorders.



 

 11 

3 RESEARCH AIMS 

The overall aim of this thesis was to explore effects of prenatal exposures to metabolic 

disturbances on the risk for neurodevelopmental and psychiatric disorders in the offspring.  

The specific aims of each study included were as follows:           

Study I: To explore if, and to what extent, exposure to maternal pre-pregnancy obesity, 

insulin dependent pre-gestational diabetes and gestational diabetes influence the risk for 

development of offspring psychiatric disorders up to the age of 11 years. 

Study II: To investigate exposure to different types of maternal diabetes (insulin-treated pre-

gestational diabetes, type 2 diabetes without insulin treatment, and gestational diabetes), 

separately or together with maternal pre-pregnancy obesity, with the risk for a wide spectrum 

of neurodevelopmental and psychiatric disorders in offspring up to the age of 11 years. 

Study III: To explore whether maternal polycystic ovary syndrome is associated with a wide 

spectrum of neurodevelopmental and psychiatric disorders in offspring up to the age of 22 

years.  

Study IV: To explore whether maternal severe preeclampsia is associated with a wide 

spectrum of offspring neurodevelopmental and psychiatric disorders up to the age of 22 

years. 

Study V: To examine associations of maternal diabetes, separately or together with maternal 

underweight or obesity, with the offspring being large for gestational age and/or preterm at 

birth. 

Study VI: To investigate the association of preterm birth and abnormal birth size 

independently and jointly among singleton spontaneous births with a wide spectrum of 

neurodevelopmental and psychiatric disorders in offspring up to 22 years old. 

 

  





 

 13 

4 MATERIALS AND METHODS 

4.1 OVERVIEW 

Table 1. The overview of materials and methods in study I -VI. 

 Study I  Study II Study III Study IV Study V Study VI 

Design Nationwide cohort study 

Population All live births 

(N=649 043) 

in Finland  

Same as Study 

I 

All live births 

(N=1 097 753) 

in Finland 

All singleton 

live births 

(n=1 012 723) 

in Finland 

Same as Study 

I 

All singleton 

live births 

(n=811 834) 

in Finland 

Period and 

follow-up 

time 

2004-2014, 

followed up 

until 2014 

Same as Study 

I 

1996-2014, 

followed up 

until 2018 

Same as Study 

III 

Same as Study 

I 

Same as Study 

III 

Exposures Maternal pre-

pregnancy 

BMI, insulin-

treated 

PGDM, and 

GDM 

Maternal pre-

pregnancy 

BMI, insulin-

treated 

PGDM, non-

insulin-treated 

T2DM, and 

GDM 

PCOS or 

anovulatory 

infertility 

Pre-eclampsia, 
SGA, and 

gestational age 

<34 weeks 

Maternal pre-

pregnancy 

BMI, insulin-

treated 

PGDM, non-

insulin-treated 

T2DM, and 

GDM 

Gestational 

age and size 

for gestational 

age 

Outcomes Offspring neurodevelopmental and psychiatric diagnoses (ICD-10 

codes: F00-99) and purchase of psychotropic drugs to offspring 

(ATC codes: N05, N06A and N06B) 

Gestational 

age and size 

for gestational 

age 

Same as Study 

I-IV 

Confounders* Study I: offspring birth year, sex, number of fetuses, perinatal 

problems, cesarean delivery, maternal age at delivery, parity, marital 

status, mother’s country of birth, maternal smoking, maternal 

systemic inflammatory disorders, and maternal in-patient psychiatric 

disorders. Study II: Study I plus maternal use of psychotropic 

medication. Study III: the same to Study II. Study IV: Study II plus 

maternal occupation, maternal obesity, maternal GDM, maternal out-

patient psychiatric disorders 

Offspring 

birth year, 

parity, 

maternal age, 

country of 

birth, and 

maternal 

smoking 

Same as Study 

IV 

Statistical 

analysis 

Cox 

proportional 

hazards 

regression 

Cox 

proportional 

hazards 

regression 

Cox 

proportional 

hazards 

regression 

Cox 

proportional 

hazards 

regression 

Logistic 

regression 

Cox 

proportional 

hazards 

regression 

*Perinatal problems are defined as birth weight <2500 g or gestational age <37 weeks, or SGA. Parity is defined as the 

number of times that women have given birth to a fetus after gestational week 24, regardless of whether the child was born 

alive or stillborn. 
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4.2 DATA SOURCES 

4.2.1 The Drugs and Pregnancy Database (DPD) 

These population-based registry cohort studies included all pregnancies ending in live births 

in Finland between January 1, 1996, and December 31, 2014, and they were obtained from 

the DPD.156 The DPD is currently maintained by the Finnish National Institute for Health and 

Welfare (THL), with data derived from the Medical Birth Register (MBR), the Register of 

Congenital Malformations, and the Register on Induced Abortions. The Medical Birth 

Register was established in 1987 and includes data on mothers, live births and stillbirths with 

a birth weight of ≥ 500g or a gestational age ≥ 22 weeks, collected since the beginning of 

pregnancy till 7 days after birth.  

4.2.2 The Finnish Care Registers for Health Care (HILMO) 

Maintained by the THL, the HILMO was established in 1967 and included data on diagnoses 

from the nationwide hospitals and healthcare providers. For each patient, a main diagnosis 

and two other diagnoses were recorded according to classifications of ICD codes. ICD-10 

codes was applied in Finland since January 1, 1996. To identify cases during transition stage, 

ICD-9 codes were also used as main exposures in this thesis. 

4.2.3 The Finnish Register on Reimbursement Drugs (RRD)  

The Finnish Register on Reimbursement Drugs is recorded by the Social Insurance Institution 

(SII), which was established in 1996 and provides information on the social security system. 

Since 1994, RRD has registered all reimbursed drug prescriptions based on the Anatomical 

Therapeutic Chemical (ATC-code) that were dispensed at pharmacies. The HILMO contains 

data on all hospital in-patient treatments (since 1969) as well as out-patient treatments by 

physicians in specialized care (since 1998), and covers adult psychiatric diagnoses well, 

according to validation studies,157 while there is only one validation study on pediatric 

psychiatric diagnoses in HILMO, and that one reported good validity for pediatric ASD.158 

Data from the different registers and datasets were linked and merged using unique personal 

identification numbers (PIN) assigned to all Finnish citizens and permanent residents and 

recorded in all registers (National Institute for Health and Welfare and National Social 

Insurance Institution). 

4.3 STUDY DESIGN  

4.3.1 Study I and II  

Study I was a population-based cohort study using Finnish nation-wide registries linking all 

live births between 2004 and 2014. This study aimed to investigate the joint effect of 

maternal diabetes and obesity on the risk of offspring psychiatric and mild 

neurodevelopmental disorders. The exposures in Study I included maternal pre-pregnancy 

BMI, insulin-treated PGDM and GDM. Maternal pre-pregnancy BMI, recorded at the first 

prenatal visit (gestational week 7-10) from the DPD, was categorized by underweight 
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(BMI<18.5 kg/m2), normal weight (18.5≤BMI<25 kg/m2), overweight (25≤BMI<30 kg/m2), 

obese (30≤BMI<35 kg/m2), and severely obese (BMI≥35 kg/m2).  Insulin-treated PGDM was 

based on the RRD. GDM was identified based on ICD-10 (O24.4) in HILMO. GDM was 

identified based on ICD-10 (O24.4) in HILMO. The psychiatric outcomes in Study I included 

based on the ICD-10 codes until 2014: psychotic, mood, neurotic and stress-related, and 

somatization disorders (F20-F45), eating disorders (F50) and non-organic sleeping disorders 

(F51), developmental disorders of speech and language, scholastic skills, motor function 

(F80-83), ASD (F84), ADHD and conduct disorders (F90-F91), mixed disorders of conduct 

and emotions, emotional disorders with onset specific to childhood, disorders of social 

functioning with onset specific to childhood and adolescence, and tic disorders (F92-F95) and 

other behavioral and emotional disorders with onset usually occurring in childhood and 

adolescence (F98). 

The design of Study II resembled that of Study I, but the exposure of T2DM was added. It 

was defined as the following ICD-10 diagnosis codes: O24.1, E11, or E14 before pregnancy, 

and/or ATC group A10B drug before pregnancy. For the exposure T2DM, the mothers 

treated with insulin only during pregnancy were excluded. The psychiatric outcomes were 

regrouped and some were added: mood disorders (F30-F39, F92), anxiety disorders (F40-

F43, F93), eating disorders (F50), sleeping disorders (F51), personality disorders (F60-69), 

intellectual disabilities (F70-79), specific developmental disorders (F80–83), ASD (F84), 

ADHD and conduct disorders (F90-F91), and other behavioral and emotional disorders (F98). 

In addition, the psychotropic outcomes based on ATC codes obtained from the RRD in both 

Study I and Study II included antipsychotics, anxiolytics, hypnotics and sedatives (N05), 

antidepressants (N06A) and psychostimulants and nootropics (N06B). 

4.3.2 Study III  

Study III was a population-based cohort study including all live births in Finland between 

1996 and 2014 with a follow-up until 2018 to investigate the association of maternal PCOS 

with the risk for offspring neurodevelopmental and psychiatric disorders. The main exposure 

was maternal PCOS identified from the HILMO based on the diagnosis of ICD codes: ICD-9 

(256.4), ICD-10 (E28.2) or anovulatory infertility (ICD-9: 628.0; ICD-10: N97.0). Mother 

with symptoms resembling PCOS were excluded, such as pituitary adenoma, disorders of the 

adrenal glands, and disorders of the pituitary glands. The other exposures included maternal 

pre-pregnancy BMI, GDM (ICD-10: O24.4), preeclampsia (ICD-10: O14), fertility treatment, 

cesarean delivery, and perinatal problems (prematurity: <37 gestational weeks or low birth 

weight: <2500g or small for gestational age). The psychiatric outcomes based on the ICD-10 

codes included mood disorders (F30-F39, F92), anxiety disorders (F40-F43, F93), eating 

disorders (F50), sleeping disorders (F51), personality disorders (F60-69), intellectual 

disabilities (F70-79), specific developmental disorders (F80-83), ASD (F84),  ADHD and 

conduct disorders (F90-F91), tic disorders (F95), and other developmental and emotional 

disorders (F98). Besides, the psychotropic outcomes based on ATC codes obtaining from the 
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RRD included antipsychotics, anxiolytics, hypnotics and sedatives (N05), antidepressants 

(N06A) and psychostimulants and nootropics (N06B).  

4.3.3 Study IV 

Study IV was a Finnish population-based cohort study including all singleton live births (n=1 

012 723) between 1996 and 2014, with a follow-up until 2018. Exclusion criteria were 

maternal in-patient psychiatric diagnoses and pre-gestational diabetes. Although there are the 

diagnostic criteria for severe preeclampsia based on ICD-10 codes, recent clinical care 

recommendations are to not early classify preeclampsia into mild or severe since the 

preeclampsia can deteriorate rapidly113. Recent evidence suggested that preeclampsia 

combined with delivery before 34 gestational weeks/SGA is to be used as a retrospective 

proxy for severe preeclampsia.114-116 This study aimed to examine the association of maternal 

preeclampsia, separately and together with perinatal problems, with offspring 

neurodevelopmental and psychiatric disorders. The exposures included mild preeclampsia, 

perinatal problems, and severe preeclampsia. Preeclampsia was identified by ICD-10 codes: 

O11 or O14. Perinatal problems were defined by SGA and/or delivery before 34 gestational 

weeks. SGA is birth weight and/or length more than 2 SDs below the sex- and gestational 

age- specific mean in the Finnish population,159 based on the International Societies of 

Pediatric Endocrinology and the Growth Hormone Research Society.160 Mild preeclampsia 

was defined as preeclampsia without perinatal problems, and severe preeclampsia was 

defined as preeclampsia combined with perinatal problems. The outcome variables were the 

same as in Study II plus psychotic disorders (ICD-10 codes: F20-29). 

4.3.4 Study V  

Study V was a population-based cohort study using Finnish nation-wide registries linking all 

live births (n=649 043) between 2004 and 2014. This study aimed to investigate associations 

of maternal diabetes disorders, separately and jointly with maternal underweight or obesity, 

with the offspring being large for gestational age and/or preterm at birth. The main exposures 

included insulin-treated PGDM, T2DM without insulin treatment, GDM, and maternal pre-

pregnancy BMI. The outcomes included birth weight for gestational age and prematurity. 

Birth weight for gestational age was classified by SGA, AGA, and LGA. Prematurity was 

defined as birth delivery before gestational week 37. Gestational age in weeks was 

categorized as followed: extremely preterm (< 28 weeks), very preterm (28-31 weeks), 

moderately preterm (32-36 weeks), full term (37-41 weeks), and post term (≥ 42 weeks). 

4.3.5 Study VI 

Study VI was a Finnish population-based cohort study linking all spontaneous singleton live 

births from 1996 to 2014 with a follow-up until December 2018. This study aimed to 

investigate the association of perinatal problems (preterm birth and abnormal birth size) 

among singleton spontaneous births with a wide spectrum of neurodevelopmental and 
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psychiatric disorders in offspring. Main exposures included gestational age in weeks and birth 

size for gestational age. The outcome variables were the same as in Study II. 

4.4 STATISTICAL ANALYSIS  

Table 2. An overview of the statistical methods we used in our studies. 

 Logistic regression Cox proportional hazards 

regression 

Definition Logistic regression is a predictive 

analysis used to describe the 

relationship between a dependent 

binary variable and one or more 

independent variables. 

Cox regression is a method to 

investigate simultaneously the 

effect of several predictive 

variables on survival time of a 

specific event (time-to-event). 

Dependent variable Categorical variable, binomial 

distribution 

Binary variable, survival time 

Independent variable Numerical variable or categorical variable 

Estimation Odds ratios (ORs) Hazard ratios (HRs) 

Applicable conditions Numerical variables: normal 

distribution; categorical variable: 

binomial distribution; 

independence between variables; 

liner relationship. 

Proportional hazards assumption: 

the survival hazards ratio of the 

covariate does not change with 

time in Cox model. 

Parameter estimation Maximum likelihood estimation method 

Parameter test Likelihood ratio test, Score test, and Wald test 

 

In Study I and II, Cox proportional hazards regression (Table 2) was used to examine the 

effect of different types of maternal diabetes and maternal pre-pregnancy obesity, 

independently or jointly, on the outcomes of offspring neurodevelopmental and psychiatric 

diagnoses, providing hazard ratios (HRs) with 95% confidence intervals (CIs). Besides, 

sensitivity analyses were conducted for the risk of psychotropic medication in relation to the 

exposures to support the validity of the above results. Sensitivity analysis is a what-if or 

simulation analysis that uses different statistical methods or re-analyzes different data after 

the main analysis, to investigate the robustness of the analysis results. In Study II, the sibling 

pair analysis was conducted to adjust for unmeasured familial confounding. Sibling analysis 

is a powerful tool to account for confounding by unmeasured within-family factors. The 

following covariates were regarded as potential confounders and adjusted for in all analyses: 
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offspring birth year, sex, number of fetuses, perinatal problems, cesarean delivery, maternal 

age at delivery, parity, marital status, mother’s country of birth, maternal smoking, maternal 

systemic inflammatory disorders (ICD-10: M30-M36 in 1996-2014), maternal psychiatric 

disorders (in-patient care based on ICD-8: 290-317 in 1969-1986, ICD-9: 290-319 in 1987-

1995, and ICD-10: F00-F99 in 1996-2014), and maternal use of psychotropic medication 

during pregnancy (ATC codes: N05 or N06, only in Study II). 

In Study III, Cox proportional hazard regression was used to estimate the risk of the 

outcomes regarding offspring neurodevelopmental and psychiatric diagnosis in relation to the 

exposure of maternal PCOS and/or anovulatory infertility, using HR with 95% CI. Further, 

sensitivity analyses were conducted to estimate the risk of psychotropic medication in 

relation to the exposures, to support the validity of the above results. Besides, this study 

examined the modification effect of the following factors: GDM, perinatal problems, 

cesarean delivery and fertility treatment on the association between maternal PCOS and 

offspring neurodevelopmental and psychiatric disorders. The following covariates were 

regarded as potential confounders and adjusted in all analyses: maternal age at delivery, 

marital status, mother’s country of birth, parity, maternal smoking, maternal psychiatric 

disorders (in-patient care due to mental health disorders before pregnancy), purchase of N05 

and N06 during pregnancy, and maternal systemic inflammatory disorders (ICD-10: M30-

M36 in 1996-2014). 

In Study IV, Cox proportional hazards regression modeling was used to examine the 

relationship of maternal preeclampsia and perinatal problems to diagnosis of offspring 

neurodevelopmental and psychiatric disorders as well as offspring purchase of psychotropic 

drugs (sensitivity analysis) after adjusting for potential confounding. The covariates included 

offspring birth year, sex, maternal age at delivery, mother’s country of birth, marital status, 

maternal occupation (upper white collar worker, lower white collar worker, blue collar 

worker, and other status), maternal smoking, parity, maternal obesity (ICD-10: E65-E66), 

maternal GDM (ICD-10: O24), maternal systemic inflammatory disease (ICD-10: M30-36), 

maternal outpatient psychiatric disorders (F00-F99), and maternal use of psychotropic 

medication during pregnancy (N05 or N06). Further, sibling pair analyses were performed to 

investigate whether the associations between maternal preeclampsia/perinatal problems and 

offspring neurodevelopmental and psychiatric disorders were explained by unmeasured 

familial confounding. 

In Study V, the first logistic regression analysis (Table 2) was performed to examine 

associations of the three types of maternal diabetes, stratified by maternal pre-pregnancy 

BMI, with the offspring being large for gestational age and/or preterm at birth after adjusting 

for offspring birth year, parity, maternal age, country of birth, and maternal smoking. A 

second round of logistic regression analysis was conducted to explore the association of 

different types of diabetes with prematurity among spontaneous deliveries after excluding all 

planned cesarean delivery births, providing adjusted odds ratio (OR) and 95% CI. 
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In Study VI, Cox proportional hazards regression modeling was used to examine the 

independent effects of the exposures prematurity and abnormal birth sizes, as well as their 

joint effects, on the outcomes of neurodevelopmental and psychiatric disorders in offspring. 

The analyses were adjusted for offspring birth year, sex, maternal age at delivery, parity, 

marital status at birth, mother’s country of birth, maternal occupation, maternal smoking, 

maternal obesity, maternal in-patient and out-patient psychiatric history, maternal use of 

psychotropic medication during pregnancy and maternal systemic inflammatory disease. 

Sensitivity analyses included sex-stratified analysis, and outcome being purchase of 

psychotropic drugs for the children. Besides, sibling pair analysis was conducted to examine 

whether these associations can be explained by unmeasured familial confounding. 

4.5 ETHICAL CONSIDERATIONS 

Register linkages were conducted as set out in the agreement between the permission from 

the register administrators (National Social Insurance Institution and National Institute for 

Health and Welfare). Data from different datasets and registries were linked and combined 

using the PIN issued to each Finnish citizen and permanent resident. This study was approved 

by the DPD steering committee and the data protection authority in Finland. According to 

Finnish regulations, informed consent provided by participants is not required, so none of the 

mothers and children included in this study were contacted. Thus, there will be no risks or 

benefits to any of the participants included in our studies. 
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5 RESULTS 

A brief summary of the results of the six individual studies is listed below. For more detailed 

information on each study, please refer to the corresponding articles and manuscripts at the 

end of this book.  

5.1 STUDY I  

This study included 649,043 births in total between 2004 and 2014 and they were followed 

until 2014. Among them, 5.4% (n=34 892) children had a psychiatric diagnosis. Further, 

among their mothers 0.62% (n=4 000) had PGDM, 15.7% (n=101 696) had GDM, 59.2% 

(n=384 169) had normal weight, 20.7% (n=134 320) had overweight, 7.67% (n=49 812) had 

obesity, and 3.66% (n=23 747) had severe obesity. We found that severely obese mothers 

without diabetes was associated with the risk for offpsing developmental disorders of speech 

and language, scholastic skills, and motor function (F80-83, HR=1.69; 95% CI=1.54–1.86), 

ADHD and conduct disorder (F90-91, HR=1.88; 95% CI=1.58–2.23), and psychotic, mood, 

and stress-related disorders (F20-45, HR=1.67; 95% CI=1.31–2.13) compared with mothers 

with a normal BMI (Table 3). Moreover, offspring to severely obese mothers with PGDM 

implied a further increased risk for any psychiatric diagnoses. Notably, the largest effect sizes 

were found particularly for ASD (HR=6.49; 95% CI=3.08–13.69), ADHD and conduct 

disorder (HR=6.03; 95% CI=3.23–11.24), and mixed disorders of conduct and emotions 

(F92-95, HR=4.29; 95% CI=2.14–8.60) (Table 3). However, GDM did not increase the risk 

for these offspring disorders. These findings were also supported by the sensitivity analysis 

regarding prescription of offspring psychotropic medication including the ATC groups: N05 

(antipsychotics and hypnotics/anxiolytics), N06A (antidepressants) and N06B (stimulants). 

5.2 STUDY II 

This study used data from the same births as Study I, but for exclusion of mothers on insulin 

only during pregnancy since we hypothesized that insulin had an effect and that group was 

small. The design was different compared to Study I in that non-insulin-treated T2DM were 

included and outcome disorders were regrouped and more comprehensive. Of the 647 099 

births involved, 4000 fetuses (0.62%) were exposed to maternal insulin-treated PGDM, 3724 

(0.57%) were exposed to T2DM, and 98 242 (15.18%) were exposed to GDM. 34 892 

offspring (5.39%) were later diagnosed with neurodevelopmental and psychiatric disorders. 

Novel beyond findings in Study I was that non–insulin-treated T2DM mothers with severe 

obesity, had an increased risk of having an offspring with neurodevelopmental and 

psychiatric disorders (HR=1.97; 95% CI, 1.64–2.37), compared with normal-weight mothers 

without diabetes. The effect size was, however, lower than that for severely obese mothers 

with insulin-treated PGDM (HR=2.71; 95% CI, 2.03–3.61), while higher than that for GDM 

in severely obese mothers (HR=1.61; 95% CI, 1.50–1.72) (Figure 1). Moreover, the largest 

effect sizes were found for mood disorders, ADHD and conduct disorders, and ASD. 

Maternal diabetes in normal-weight mothers was not associated with any psychiatric 
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Table 3. Hazard ratios (HR) for offspring psychiatric disorders in relation to maternal obesity and diabetes 

F80-83: Developmental disorders of speech and language, scholastic skills, motor function; F84: Autism Spectrum Disorder (ASD); F90-91: Attention Deficit Hyperactivity Disorder 

(ADHD) and Conduct disorders; F92-95: Mixed disorders of conduct and emotions, Emotional disorders with onset specific to childhood, Disorders of social functioning with onset 

specific to childhood and adolescence, and Tic disorders; F98: Other behavioral and emotional disorders with onset usually occurring in childhood and adolescence; F20-45: Psychotic 

disorders, Mood disorders, Neurotic and stress-related, disorders, and Somatization disorders; F50: Eating disorders; F51: Nonorganic sleep disorders. 

The analyses were adjusted for offspring birth year, sex, perinatal problems [yes/no], number of fetuses, caesarean section [yes/no], maternal age group at delivery, parity, unmarried 

mother at birth [yes/no], mother’s country of birth [Finland/other], maternal smoking [yes/no], maternal psychiatric disorder [yes/no], maternal systemic inflammatory disease [yes/no]. 

 

Diabetes categories 

stratified by BMI 

Any F 

(N=34,892) 

F80-83 

(N=17,923) 

F84 

(N=2,346) 

F90-91 

(N=5,263) 

F92-95 

(N=5,301) 

F98  

(N=8,506) 

F20-45 

(N=2,928) 

F50  

(N=279) 

F51 

(N=2,219) 

HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI HR 95% CI 

No PGDM no GDM                   

    Normal 1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00  1.00  

    Overweight 1.08 1.04-

1.11 

1.11 1.06-

1.15 

1.15 1.03-

1.29 

1.15 1.06-

1.24 

0.85 0.78-

0.93 

1.01 0.95-

1.07 

1.19 1.07-

1.32 

1.00 0.71-

1.41 

1.08 0.96-

1.21 

    Obese 1.31 1.24-

1.37 

1.46 1.37-

1.56 

1.28 1.06-

1.55 

1.44 1.28-

1.63 

0.98 0.86-

1.12 

1.14 1.03-

1.26 

1.58 1.36-

1.85 

0.81 0.43-

1.54 

1.04 0.85-

1.26 

    Severely obese 1.45 1.35-

1.56 

1.69 1.54-

1.86 

1.25 0.92-

1.70 

1.88 1.58-

2.23 

1.15 0.94-

1.41 

1.17 0.99-

1.37 

1.67 1.31-

2.13 

0.89 0.33-

2.41 

1.04 0.76-

1.43 

PGDM                   

    Normal 1.17 0.99-

1.39 

1.14 0.90-

1.44 

0.54 0.20-

1.44 

1.46 0.98-

2.19 

0.95 0.58-

1.55 

1.01 0.72-

1.43 

1.12 0.58-

2.17 

2.71 0.85-

8.64 

1.03 0.49-

2.16 

    Overweight 1.24 1.00-

1.54 

1.45 1.11-

1.90 

0.44 0.11-

1.74 

1.52 0.90-

2.58 

0.94 0.49-

1.81 

1.09 0.71-

1.68 

1.10 0.46-

2.66 

NA - 2.33 1.21-

4.52 

    Obese 1.69 1.25-

2.28 

1.22 0.76-

1.97 

3.64 1.63-

8.16 

1.00 0.32-

3.10 

0.95 0.31-

2.96 

1.92 1.14-

3.26 

3.08 1.28-

7.43 

3.94 0.55-

28.54 

2.38 0.89-

6.36 

    Severely obese 2.97 2.23-

3.96 

3.11 2.13-

4.54 

6.49 3.08-

13.69 

6.03 3.23-

11.24 

4.29 2.14-

8.60 

3.31 1.99-

5.50 

2.06 0.52-

8.27 

NA - 1.69 0.42-

6.78 

GDM                   

    Normal 1.12 1.07-

1.17 

1.11 1.04-

1.19 

1.06 0.88-

1.28 

1.15 1.01-

1.30 

0.99 0.87-

1.12 

1.18 1.07-

1.29 

1.17 0.99-

1.38 

1.36 0.84-

2.18 

1.20 1.01-

1.44 

    Overweight 1.17 1.12-

1.23 

1.23 1.15-

1.31 

1.27 1.06-

1.52 

1.16 1.02-

1.32 

1.04 0.92-

1.18 

1.12 1.02-

1.24 

1.26 1.07-

1.49 

0.60 0.30-

1.23 

0.96 0.78-

1.18 

    Obese 1.40 1.32-

1.48 

1.59 1.48-

1.72 

1.56 1.26-

1.93 

1.64 1.42-

1.88 

1.17 1.01-

1.37 

1.28 1.13-

1.44 

1.44 1.18-

1.76 

0.91 0.43-

1.95 

0.79 0.59-

1.05 

    Severely obese 1.66 1.55-

1.77 

1.85 1.70-

2.02 

1.37 1.04-

1.81 

2.15 1.84-

2.52 

1.49 1.26-

1.78 

1.37 1.19-

1.58 

1.67 1.32-

2.11 

1.44 0.67-

3.07 

0.83 0.59-

1.17 
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Figure 1. Risks for offspring psychiatric and mild neurodevelopmental disorders in relation to maternal 

BMI and diabetes. Adjusted HRs with error bars representing 95% CI were used to estimate the risk for 

offspring neurodevelopmental and psychiatric diagnosis. Reference group: births to normal-weight mothers 

without diabetes and without purchase of insulin. No DM was defined as none of insulin-treated PGDM, T2DM, 

GDM or purchase of insulin during pregnancy. Insulin-treated PGDM referred to pre-gestational diabetes with 

purchase of insulin. T2DM referred to pre-gestational type 2 diabetes mellitus (ICD-10 E11, E14, O24.1 and/or 

ATC A10B) without purchase of insulin. GDM, gestational diabetes mellitus according to an ICD-10 O24.4 

diagnoses without purchase of insulin. For F51, F80-83 and F98 the birth cohorts 2004-2014 were used; for F50 
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and F84 the birth cohorts 2004-2013 were used; whereas for F30-39, F92 (mood), F40-43, F93 (anxiety), F60-

69, F70-79 and F90-91 the birth cohorts 2004-2012 were used. All children were followed up until 2014. The 

analyses were adjusted for offspring birth year, sex, perinatal problems, number of fetuses, caesarean section, 

maternal age group at delivery, parity, unmarried mother at birth, mother’s country of birth, maternal smoking, 

maternal psychiatric disorder, maternal use of psychotropic medication during pregnancy (N05/N06) and 

maternal systemic inflammatory disease.  

disorders in the offspring. These findings were also supported by the risk estimates for 

prescription of offspring psychotropic medication. In addition, the sibling pair analysis 

suggested that the above associations detected were not explained by familial confounding. 

5.3 STUDY III  

Study III was a population-based cohort study in Finland including all live births between 

1996 and 2014 with a follow-up until 2018. Of 1 097 753 births, 2.2% (24 682) of the 

children were born to mothers with PCOS, and 9.8% (n=105 409) were diagnosed with a 

neurodevelopmental and psychiatric disorder (ICD-10 codes: F00-F99) between 1996 and 

2018. This study found that maternal PCOS was associated with any offspring psychiatric 

diagnosis (HR=1.32; 95% CI, 1.27–1.38). There was no significant difference between boys 

and girls. Further, compared to offspring to normal-weight mothers without PCOS, the risk 

for any neurodevelopmental and psychiatric disorder was markedly higher in those to 

severely obese mothers with PCOS (HR=2.11; 95% CI, 1.76–2.53), with a lower risk 

estimate to normal-weight mothers with PCOS (HR=1.20; 95% CI, 1.09–1.32) (Figure 2.1). 

This finding was also supported by the risk estimate for prescription any of offspring 

psychotropic medication (HR=1.28; 95% CI, 1.02–1.61). Moreover, maternal PCOS 

combined with perinatal problems (HR=1.99; 95% CI, 1.84–2.16) (Figure 2.2), maternal 

GDM (HR 1.70; 95% CI 1.53–1.88), cesarean delivery (HR=1.71, 95% CI, 1.58–1.84) 

implied a markedly higher risk for any neurodevelopmental and psychiatric diagnoses in 

offspring. 
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Figure 2. Risks for offspring neurodevelopmental and psychiatric disorders in relation to maternal BMI 

and perinatal problems. PCOS refers to ICD-9: 256.4, 628.0, ICD-10: E28.2, and N97.0. Births to underweight 

mothers with PCOS were small in number (n=336) and hence not reported. Birth cohort 2004–2014 was used 

due to availability of maternal pre-pregnancy BMI. Perinatal problems were defined as birth before gestational 

week 37 or a birth weight <2500 g, or small for gestational age. The reference was births to normal-weight 

mothers with no PCOS (Fig. 2.1) and births to mothers with no PCOS and no perinatal problems (Fig. 2.2). The 

analyses were adjusted for maternal age, mother’s country of birth (Finland or not), mother married at birth 

(yes/no), maternal smoking (yes/no), parity (0 or ≥1), maternal psychiatric disorder (yes/no), maternal purchase 

of N05 and N06 during pregnancy (yes/no) and maternal systemic inflammatory disease (yes/ no). All children 

were followed up until 2018. Figures from Chen X., Kong L., et al., 2020, Human Reproduction. 
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5.4 STUDY IV 

Study IV used data from the same cohort as Study III, but with exclusion of births exposed to 

maternal in-patient psychiatric disorder or PGDM, with a follow-up until 2018, aiming to 

examine the association of maternal preeclampsia, separately and together with perinatal 

problems, with offspring neurodevelopmental and psychiatric disorders. Recent clinical care 

recommendations are to not early classify preeclampsia into mild or severe since the 

preeclampsia can deteriorate rapidly. However, preeclampsia may present with or without 

severe features. Thus, preeclampsia combined with perinatal problems (delivery before 

gestational week 34 and SGA) was used as a retrospective proxy for severe preeclampsia. Of 

the 1 012 723 singleton live births, 2.6% (n=25 901) were exposed to preeclampsia, 9.2% 

(n=93 281) of offspring were later diagnosed with a neurodevelopmental or psychiatric 

disorder. This study found that offspring exposed to severe preeclampsia, compared to births 

unexposed to preeclampsia and perinatal problems, had a more than twofold increased risk of 

any neurodevelopmental and psychiatric disorders after adjustments (HR=2.11; 95% CI, 

1.96–2.26), which was higher than that of either mild preeclampsia (HR=1.18; 95% CI, 1.12–

1.23) or perinatal problems alone (HR=1.77; 95% CI, 1.72–1.82) (Figure 3). A similar effect 

of severe preeclampsia was found for specific developmental disorders (F80-F83) and ADHD 

and conduct disorders (F90-91). Besides, the risk for any psychotropic medication purchase 

by exposure to maternal severe preeclampsia (HR, 1.52; 95% CI, 1.35–1.71) supported the 

above findings. Lastly, the sibling pair analysis suggested that the associations detected 

between severe preeclampsia and offspring neurodevelopmental and psychiatric disorders 

were not explained by familial confounding. 
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Figure 3. Risks of neurodevelopmental and psychiatric disorders in offspring in relation to maternal 

preeclampsia severity. Reference group was no preeclampsia, no SGA, and born ≥34 gestational weeks after 

excluding maternal chronic hypertension and gestational hypertension. Perinatal problems referred to no 

preeclampsia but with SGA and/or birth before gestational week 34. Mild preeclampsia referred to ICD-10 

codes: O11 or O14 without perinatal problems. Severe preeclampsia referred to ICD-10: O11 or O14 combined 

with perinatal problems. The analyses were adjusted for offspring birth year, sex, maternal age at delivery, 

mother’s country of birth (Finland or not), mother married at birth (yes/no), maternal occupation (upper white 
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collar worker, lower white collar worker, blue collar worker, and other status), maternal smoking (yes/no), parity 

(0 or ≥1), maternal obesity (ICD-10: E65-E66, yes/no), maternal GDM (yes/no), maternal outpatient psychiatric 

disorders (yes/no), maternal N05/N06 purchase during pregnancy, and maternal systemic inflammatory disease 

(yes/no). All children were followed up until 2018. 

5.5 STUDY V  

Study V used the same cohort as Study I, aiming to examine associations of maternal diabetes 

disorders, separately and jointly with maternal underweight or obesity, with the offspring 

being LGA and/or preterm at birth. This study found that maternal obesity was associated 

with an increased risk of having a LGA offspring (OR=2.45; 95% CI, 2.29–2.62). Also 

mothers with insulin-treated PGDM had markedly increased risks of having a LGA offspring 

(OR=43.80; 95% CI, 40.88–46.93) and preterm birth (OR=11.17; 95% CI, 10.46–11.93), 

compared to normal-weight mothers without diabetes (Table 4). In addition, obese mothers 

with T2DM were at increased risk for having offspring LGA (OR=12.44; 95% CI, 10.29–

15.03) and prematurity (OR=2.14; 95% CI, 1.70–2.69) (Table 4). Obese mothers with GDM 

had a milder risk of large offspring (OR=4.72; 95% CI, 4.42–5.04). Among spontaneous 

deliveries, the risk was greatest for moderately preterm births, but insulin-treated PGDM 

implied an increased risk for very and extremely preterm births. 

5.6 STUDY VI 

Study VI used the same cohort as Study III but excluded non-spontaneous births, and 

followed the children until December 2018, aiming to investigate the association of perinatal 

problems (preterm birth and abnormal birth size independently and jointly) with 

neurodevelopmental and psychiatric disorders in offspring up to 22 years of age. Of the 811 

834 singleton births, 4.3% were born preterm (<37 weeks of gestation), 2.7% were born post-

term (≥42 weeks), 2.8% were born SGA, and 2.2% were born LGA. This study found that 

compared to the reference group of infants born full-term (37-41 weeks), offspring born 

preterm were at elevated risk of developing any neurodevelopmental or psychiatric disorders. 

The effect size was increasing with earlier gestational age (moderately preterm: HR=1.43, 

95% CI, 1.38–1.47; very preterm: HR=2.86, 95% CI, 2.67–3.07; and extremely preterm: 

HR=5.40, 95% CI, 4.95–5.89), but not for the post-term offspring (HR=1.03, 95% CI, 0.98–

1.07), after adjusting for potential confounding (Figure 4). Besides, compared to births who 

were AGA, offspring SGA and LGA were associated with a slightly increased risk of having 

any neurodevelopmental and psychiatric disorder (HR=1.53, 95% CI, 1.48–1.59; HR=1.14, 

95% CI, 1.09–1.20; respectively) (Figure 4). The sibling pair analysis suggested that the 

detected effects of preterm birth and SGA on offspring neurodevelopmental and psychiatric 

disorders could not be explained by familial confounding. Moreover, compared to full-term 

and AGA births, the joint effects of preterm birth and SGA on any offspring 

neurodevelopmental and psychiatric disorders were larger than those of preterm birth or 

abnormal birth size alone (very preterm & SGA: HR=5.15, 95% CI, 4.56–5.81; moderately 

preterm & SGA: HR=1.92, 95% CI, 1.75–2.10) (Figure 4). Sensitivity analysis using 

offspring psychotropic medication purchase as the outcome showed similar results. In 
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addition, sex-stratified analyses showed similar risk estimates for male and female offspring 

except for those born extremely preterm.  

 

Table 4. Odds Ratio (OR) for offspring LGA and prematurity in relation to maternal BMI and diabetes 

Maternal 

BMI 

No diabetes Insulin-treated PGDM T2DM GDM 

OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

Odds Ratio for offspring LGA 

<18.5 0.40 (0.33-0.48) 43.69 (25.98-73.48) 2.43 (0.33-17.91) 1.59 (1.07-2.37) 

18.5–24 1.00 — 45.80 (41.51-50.53) 3.85 (2.89-5.13) 2.61 (2.48-2.81) 

25–29 1.91 (1.83-2.00) 53.44 (47.18-60.53) 7.40 (5.93-9.23) 3.42 (3.23-3.63) 

30–34 2.45 (2.29-2.62) 45.04 (37.33-54.34) 12.44 (10.29-15.03) 4.72 (4.42-5.04) 

35– 3.38 (3.08-3.71) 30.02 (23.92-37.69) 13.90 (11.73-16.47) 6.37 (5.94-6.84) 

Missing 1.08 (0.98-1.18) 30.82 (22.93-41.42) 8.56 (5.68-12.91) 3.79 (3.35-4.29) 

Total 1.28 (1.24-1.32) 43.80 (40.88-46.93) 9.57 (8.65-10.58) 3.80 (3.66-3.96) 

Odds Ratio for prematurity 

<18.5 1.32 (1.24-1.39) 11.54 (6.96-19.12) 1.39 (0.33-5.85) 1.26 (0.99-1.60) 

18.5–24 1.00 — 11.73 (10.66-12.90) 2.19 (1.76-2.72) 0.93 (0.88-0.98) 

25–29 1.04 (1.00-1.08) 11.12 (9.81-12.61) 1.95 (1.55-2.45) 0.96 (0.91-1.01) 

30–34 1.20 (1.14-1.26) 11.66 (9.69-14.04) 2.14 (1.70-2.69) 1.05 (0.98-1.12) 

35– 1.36 (1.26-1.47) 7.39 (5.85-9.32) 2.11 (1.71-2.61) 1.15 (1.06-1.24) 

Missing 1.36 (1.29-1.43) 10.89 (8.16-14.53) 2.31 (1.48-3.60) 1.25 (1.11-1.41) 

Total 0.99 (0.97-1.01) 11.17 (10.46-11.93) 2.12 (1.90-2.36) 1.02 (0.99-1.05) 

The models were adjusted for offspring birth year, parity, and maternal age, country of birth, and smoking status.   
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Figure 4. Adjusted hazard ratios (HRs) for neurodevelopmental and psychiatric disorders in relation to 

gestational age and size for gestational age (All live singleton spontaneous delivery births 1996-2014 in 

Finland followed until 2018). The analyses were adjusted for offspring sex, birth year, maternal age at delivery, 

mother’s country of birth (Finland or not), mother married at birth (yes/no), maternal occupation, maternal 

smoking (yes/no), parity (0 or ≥1), maternal obesity (yes/no), maternal in-patient and out-patient psychiatric 

history (yes/no), maternal N05/N06 purchase during pregnancy, and maternal systemic inflammatory disease 

(yes/no).  
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6 DISCUSSION 

6.1 SUMMARY OF THE MAIN FINDINGS 

This thesis investigated the effects of prenatal metabolic factors on offspring 

neurodevelopmental and psychiatric disorders. The main findings of each study are 

summarized as follows: 

Study I and II: Severe obesity in mothers with diabetes was associated with an increased 

overall risk for any neurodevelopmental or psychiatric disorders in their offspring. The risk 

was highest for those exposed to insulin-treated PGDM, followed by non-insulin-treated 

T2DM and GDM. The largest effect sizes were found for mood disorders, ADHD, and ASD. 

Study III: Maternal polycystic ovary syndrome and/or anovulatory infertility increased the 

risk for offspring neurodevelopmental and psychiatric disorders. The largest effect sizes were 

found for ADHD and conduct disorders, ASD, and intellectual disabilities, with similar risks 

between male and female offspring. Normal-weight mothers with PCOS were associated with 

increased risks for offspring neurodevelopmental and psychiatric disorders. The risk for the 

offspring disorders increased when simultaneously exposed to PCOS and maternal obesity.  

Study IV: Severe preeclampsia increased the risk for offspring neurodevelopmental and 

psychiatric disorders, where associations with intellectual disabilities, specific developmental 

disorders, ADHD and conduct disorder as well as other behavioral and emotional disorders 

(F98) were not explained by measured confounders or unmeasured familial confounding. The 

risk for specific developmental disorders, ADHD and conduct disorders were beyond those of 

perinatal problems only. The associations between exposure to mild preeclampsia and 

offspring neurodevelopmental and psychiatric disorders, however, were explained by 

unmeasured familial confounding. 

Study V: Maternal insulin-treated PGDM was associated with a higher risk for LGA and 

preterm births regardless of the maternal pre-pregnancy BMI, followed by T2DM and GDM 

without insulin treatment. The risks were stronger in combination with maternal 

overweight/obesity. In addition, prematurity was increased for mothers with T2DM, 

independent of pre-pregnancy BMI. The associations among spontaneous deliveries was 

strongest for the moderately preterm births, but insulin-treated PGDM increased the risk also 

for very and extremely preterm deliveries. 

Study VI: Preterm birth and/or abnormal birth size increased the risk of particularly 

intellectual disabilities, specific developmental disorders, ASD, ADHD and conduct disorders 

and other behavioral and emotional disorders (F98) with moderate-to-strong effect sizes of 

extremely or very preterm birth (before gestational week 32) to modest-to-moderate effect 

sizes of moderately preterm deliveries (between 32 and 36 gestational weeks). Sibling pair 

analyses indicated that these associations were not explained by familial confounding. 

Preterm birth followed by SGA showed greater effect sizes for the offspring disorders than 

preterm birth or SGA individually. 
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6.2 INTERPRETATION OF THE MAIN FINDINGS 

6.2.1 Study I and II 

Study I provides evidence that maternal insulin-treated PGDM combined with severe 

maternal obesity markedly increased the risk for offspring psychiatric and mild 

neurodevelopmental disorders. Study II further showed the novel findings that maternal 

moderate and severe obesity combined with T2DM was associated with mood disorders, 

intellectual disabilities, specific developmental disorders and ADHD/conduct disorder in 

offspring. There were no associations of neither T2DM nor insulin-treated PGDM with 

offspring F-diagnosis in normal-weight mothers. For severely obese mothers, the effect size 

of T2DM on any offspring F-diagnosis was in-between that of insulin-treated PGDM and 

GDM. 

Previous systematic reviews and meta analyses demonstrated that maternal obesity was 

associated with an increased risk of offspring intellectual disabilities, ASD and ADHD.87,90,161 

Recent systematic reviews and meta analyses also implicated the association between 

maternal diabetes and the risk for neurodevelopmental disorders in offspring.14,84,100,162-164 

However, the joint effects of maternal obesity and diabetes on the risk for offspring 

neurodevelopmental and psychiatric disorders are less well studied. The main findings of the 

current two studies are that maternal pre-pregnancy obesity is associated with a slightly 

increased risk for a wide spectrum of neurodevelopmental and psychiatric disorders in 

offspring, but the risk effects were most pronounced in severely obese mothers with PGDM, 

especially for ASD, ADHD and conduct disorder, specific developmental disorders, and other 

behavioral and emotional disorders. However, GDM did not increase the risk highly for these 

offspring disorders. Maternal severe obesity and PGDM might present a stronger joint effect 

of exposure to long-term concomitant inflammation, oxidative stress, lipotoxicity and 

hyperglycemia, than that of maternal obesity or PGDM alone.18,165-170  

6.2.2 Study III 

Study III identified the association between maternal PCOS and offspring 

neurodevelopmental and psychiatric, which was independent of maternal pre-pregnancy 

overweight/obesity. Previous studies have reported the increased risks for ASD, ADHD and 

tic disorders in offspring exposed to maternal PCOS.106,171,172 Further, evidence from human 

and animal studies demonstrated that the joint effect sizes of maternal PCOS and obesity on 

offspring ASD,104 ADHD105 and anxiety173 became significantly larger than either alone. This 

study confirmed previous findings and extended to other neurodevelopmental and psychiatric 

disorders, such as specific developmental disorders (F80-F83) and other behavioral and 

emotional disorders (F98).  

In addition, this study indicated that the effect of maternal PCOS on offspring 

neurodevelopmental and psychiatric disorders could be mediated, in part, by GDM and 

perinatal problems. Our findings were in line with other register-based cohort studies,104,105 

which demonstrated the effects of preterm birth, Apgar scores, SGA and preeclampsia on 
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ASD and ADHD in offspring exposed to PCOS after adjustment. Also, our results were 

consistent with previous studies141,174 in the general population with regard to GDM and 

perinatal problems as risk factors for offspring neurodevelopmental and psychiatric disorders. 

However, this study found no significant effect of fertility treatment on neurodevelopmental 

and psychiatric disorders in offspring prenatally exposed to PCOS. The reason might be 

attributed to the underlying causes of infertility, rather than the treatment.175 PCOS is the 

most common cause for anovulatory infertility. Thus, this study combined PCOS with 

anovulatory infertility as main exposure. One record of diagnosis per case was enough 

because the hormonal and metabolic manifestations persist throughout a woman’s life. 

6.2.3 Study IV 

In this study we investigated associations between maternal preeclampsia without (mild) or 

with (severe) perinatal problems and a wide spectrum of offspring neurodevelopmental and 

psychiatric disorders. We found an increased risk of specific developmental disorders, 

ADHD and conduct disorders in offspring of mothers with severe preeclampsia, and 

association that were beyond those of perinatal problems alone. Our findings are consistent 

with previous studies115,116,133 that maternal preeclampsia was associated with the risk for 

offspring ADHD, ASD and intellectual disability. In addition, our sibling analyses showed 

that the associations detected in our cohort between exposure to mild preeclampsia and 

offspring neurodevelopmental and psychiatric disorders were explained by unmeasured 

familial confounding, while it could not be explained when offspring was exposed to severe 

preeclampsia. Previous sibling-matched studies suggested that familial confounding did not 

explain the associations of maternal preeclampsia to ASD and ADHD, since there was no 

significant difference in effect sizes between the whole population and the comparisons with 

differentially exposed siblings.115,116,134 Lastly, associations between maternal preeclampsia 

and other neurodevelopmental and psychiatric disorders in offspring are less well 

studied,121,128,129 especially for those with late-onset disorders in adolescence and young 

adulthood, such as mood and anxiety disorders, psychotic disorders, eating disorders and 

personality disabilities. Our study found that offspring exposed to severe preeclampsia had 

increased risks for psychotic disorders, anxiety disorders, specific developmental disorders, 

mood disorders, and other behavioral and emotional disorders after adjusting for potential 

confounding. 

6.2.4 Study V and VI 

Study V provided evidence of a markedly increased risk for prematurity and LGA births 

when exposed to maternal insulin-treated PGDM. Further, smaller but still significant effects 

on the increased risk for LGA births were found also for mothers with T2DM and GDM, 

especially in combination with maternal pre-pregnancy overweight/obesity. There are only a 

few large population-based studies on maternal diabetes and offspring prematurity reported 

previously.139,140 In addition, the effect on spontaneous deliveries was strongest for the 

moderately preterm births, but insulin-treated PGDM increased the risk for also very preterm 

and extremely preterm deliveries. Also, maternal pre-pregnancy BMI independent of 
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maternal diabetes was associated with the risk for LGA and prematurity. The effects of 

different types of diabetes on prematurity and LGA births were not independent as LGA 

implied a mildly increased risk for premature birth. The effect of T2DM and GDM on LGA, 

seen primarily in combination with obesity, is probably because hyperglycemia levels during 

pregnancy among these women are higher compared to a normal pregnancy,176-178 which can 

contribute to placental glucose transfer and increased fetal insulin secretion,179 in combination 

with an excess of blood lipids, leptin and adiponectin.180 In addition, the effects of maternal 

obesity and diabetes on preterm birth may be due to insulin resistance, hyperglycemia, 

oxidative stress, and lipotoxicity.169,181 

Study VI further demonstrated that preterm birth and/or the SGA increased the risk of 

offspring psychiatric and neurodevelopmental disorders including intellectual disabilities, 

specific developmental disorders, ADHD and conduct disorders, ASD and other behavioral 

and emotional disorders. These findings are consistent with previous Scandinavian 

studies147,182,183 mainly focusing on early-onset neurodevelopmental disorders such as ASD, 

ADHD and intellectual disabilities. There was little previous evidence on young adulthood 

psychiatric disorders such as psychotic disorders and mood disorders.144,150,184,185  

The sibling pair analysis in this study indicated that these associations are not only due to 

familial confounding. Consistently, previous sibling pair studies examining familial 

confounding reported that associations between LBW and ADHD and ASD were 

independent of shared familial confounding.152,153 Besides, it also failed to identify an 

association between LBW and schizophrenia within sibling pairs.154,155 Although the role of 

familial confounding is unclear, sibling design would help uncover the genetic and 

environmental contributions to the potential pathways of these neurodevelopmental and 

psychiatric disorders. 

A systematic review and meta-analysis including 12 studies, suggested that very preterm/very 

LBW infants are about twice more likely to be diagnosed with ADHD and symptomatology 

(OR=2.25; 95% CI, 1.56–3.26) compared with controls, and this likelihood is approximately 

fourfold in the extremely preterm/extremely LBW infants (OR=4.05; 95% CI, 2.38–6.87).146 

However, few studies investigated the risk of young adulthood psychiatric disorders such as 

eating disorders, mood and anxiety disorders in relation to the joint effect of younger 

gestational age and abnormal birth weight.145,186 

6.3 BIOLOGICAL MECHANISMS 

Previous epidemiological findings remain inconclusive whether the associations of maternal 

obesity and diabetes with offspring neurodevelopmental and psychiatric disorders are due to 

intrauterine mechanisms or explained by confounding genetic, lifestyle and 

sociodemographic factors. However, studies in experimental rodent models suggest a causal 

effect of prenatal exposure to obesity and diabetes on neurodevelopment.187 These studies 

imply a number of underlying molecular mechanisms. Thus, several underlying mechanisms 

may explain the associations seen in the epidemiological studies. Figure 5 shows potential 
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pathways and mechanisms explaining the putative associations of maternal obesity and 

diabetes with neurodevelopmental and psychiatric disorders in offspring, which includes 

metabolic hormones effects, epigenetic effects, immune activity effects, glucocorticoids and 

the HPA axis, serotonergic and dopaminergic system effects, and the gut-brain axis.19 

 

 

Figure 5. Pathways linking maternal obesity and diabetes with potential neurodevelopmental and 

psychiatric disorders in offspring. Genetic inheritance, pre-pregnancy and pregnancy effects of a metabolically 

dysregulated environment, and postnatal effects of psychosocial stress, malnutrition and the microbiota are 

illustrated. Figure from Kong L, et al., 2020, International Journal of Obesity. 

Fetuses of mothers with obesity and diabetes are exposed to elevated levels of nutrients 

(amino acids, glucose, lipids), hormones (e.g. leptin, insulin, oxytocin), and inflammatory 

factors (e.g. C-reactive protein, and certain cytokines and chemokines).19 These states 

influence the placenta which may influence the exchange of nutrients between the mother and 

the fetus, and the placenta’s production of hormones and growth factors that are crucial for 

embryonic development. During pregnancy, insulin resistance is gradually increased to 

ensure adequate carbohydrate supply for the growing fetus, and with this postprandial glucose 

levels, basal and stimulated insulin secretion, and hepatic glucose production are elevated. 

Pro-inflammatory cytokines can pass the placenta and influence the development of neural 

pathways in rodents,17 such as the HPA axis and neurotransmitters, which are essential for 

offspring behavior function and neurodevelopment.188,189 Another putative pathway between 

maternal obesity/diabetes and offspring neurodevelopmental and psychiatric disorders is the 

maternal gut-fetal brain axis. Studies in rodent models on high fat diet (HFD) reported 
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changes of the intestinal microbiota and increased inflammation, which associated with 

disorder-related behaviors and biochemical modulations of the nervous system.190-192 Further, 

gut microbiota metabolites such as short chain fatty acids (SCFAs), regulating the function of 

the intestinal and blood-brain barriers and influencing microglia, might have an effect on the 

fetal neurodevelopment.193-195 For a more detailed review on pathways linking maternal 

obesity and diabetes with offspring neurodevelopmental and psychiatric disorders, see the 

Appendix in the end. 

In addition, chronic inflammation and elevated circulating androgens are found among 

women with PCOS before and during pregnancy,196,197 as well as their offspring.198 The 

plausible pathways between sex hormones and offspring neurodevelopment may include the 

expression of neurotransmitters (i.e. GABA, serotonin and dopamine), synaptic instability 

and excess dendritic spines.108,199-201 In addition, animal models suggest a putative maternal 

gut-fetal brain axis linking maternal PCOS to offspring neurodevelopment.202,203 

There are several plausible mechanisms linking maternal preeclampsia to offspring 

neurodevelopmental and psychiatric disorders. First, maternal preeclampsia has been 

associated with placental insufficiency,119 which may lead to poor placental perfusion, 

hypoxia and subsequent increase in reactive oxygen species leading to oxidative stress,204 

which may increase the risk for offspring neurodevelopmental and psychiatric disorders.205-208 

Second, maternal inflammation may play an etiologic role in the association between 

preeclampsia and offspring neurodevelopment.12,209 Some maternal cytokines, such as C-

reactive protein, interleukin-6 and interleukin-17, appears to cross the placenta in animal 

models and enter fetal circulation, where they may regulate neuronal function and affect later 

psychiatric and cognitive pathology.210-212 Last, alterations in the levels of vascular 

endothelial growth factor, placental growth factor, and soluble fms-like tyrosine kinase 1 will 

lead to abnormal angiogenesis among women with preeclampsia, which in turn affect both 

fetal cerebrovascular function and neurodevelopment.110 

6.4 METHODOLOGICAL CONSIDERATIONS  

6.4.1 Interval validity  

Internal validity is the degree to which evidence supports a claim about associations in the 

context of a specific study. Internal validity can be classified in three general categories: 

selection bias, confounding, and information bias. 

6.4.1.1 Selection bias 

Selection bias occurs when the procedure to select participation is influenced by the effect of 

the exposure and the outcome. It can appear before subjects and during the follow-up period. 

In our studies, we used Finnish nation-wide registries to include all live births in Finland from 

1996 to 2014, with a follow-up until December 2018. The outcomes in all studies were all 

identified from national registries and were virtually complete, informative censoring and 

content should not be a problem in these studies. Missing values can also lead to selection 
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bias, which associated with differential loss to follow-up due to non-response (dropouts) 

and/or death. In this thesis, missing data had no impact on the estimates because the 

percentage of missing data was too small, less than 0.5% of the whole cohort, and sensitivity 

analyses were conducted to support the main findings. 

6.4.1.2 Confounding 

Confounding is a variable that influences both the dependent variable and independent 

variable, causing a spurious association. To be a confounder, three criteria should be 

involved: 1) a risk factor for the outcome; 2) related to the exposure in the at-risk population 

for which the outcome is derived; and 3) no intermediate role in the association between the 

exposure and the outcome. Confounding can never be completely ruled out in observational 

studies because of residual confounding, but it can be minimized by collecting enough 

information from participants and using adjustment, stratification, or matching in data 

analyses. By adjusting for potential confounders in the analysis, the association between 

exposures and outcomes can be amended, and the causality is defended when conditional 

exchangeability occurs.  

In the analyses of our studies, we adjusted for major mother and their offspring confounders. 

For example, we adjusted for maternal in-patient and out-patient psychiatric disorders and 

maternal psychotropic drug purchases to exclude the familial effect on their offspring 

neurodevelopmental and psychiatric disorders.  Furthermore, we used sibling pair analysis to 

adjust for unmeasured familial confounding in Study II, IV and VI. 

6.4.1.3 Information bias 

Information bias is any systematic difference from observer bias, misclassification bias, recall 

bias and reporting bias, which lead to errors of exposures, outcomes, and covariates. In most 

cases, non-differential misclassification will produce a deviation to the null. Besides, 

differential misclassification occurs when the variable has a different probability of being 

misclassified based on other variables, which can either underestimate or exaggerate its 

impact. Our studies had minor influence from information bias, because the study population 

was the entire population in Finland, and the information on main exposures and outcomes 

were derived from nationwide registers instead of self-reporting. 

6.4.2 Random error 

Random error is a chance difference between the observed and the true that can impact the 

precision of study results. Among random errors, the most important of which is sampling 

error, occurs when the sample cannot represent the population. We randomly select several 

samples of the same size from the same population, and the average number (or average rate) 

of each sample will be different. Although random error is inevitable and unpredictable, it 

may be minimized by increasing sample sizes or a random sampling. Our studies were all 

based on nationwide population-based cohorts, which reduce the chance of sampling errors.  
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6.4.3 External validity 

External validity evaluates whether the findings of a study can be extended to other source 

population. The population of these six studies is derived from nationwide population in 

Finland, where residents are generally wealthier and healthier than those in developing 

countries. Thus, it is worth noting this when comparing these findings to other populations in 

the country with less well-equipped or less equal healthcare systems. However, exploring the 

associations between prenatal exposures and outcomes should be driven by the biological 

plausibility instead of relying on the representativeness of study sample. Thus, apart from the 

population source, it is important to identify the plausible biological mechanisms when 

considering the generalizability of these findings to other populations. 

6.5 STRENGTHS AND LIMITATIONS 

6.5.1 Strengths 

Our studies have several strengths. We used a large population-based cohort study in Finland 

to examine the association between prenatal metabolic risk factors and a wide spectrum of 

offspring neurodevelopmental and psychiatric disorders. Thus, this study allowed us to 

include not only childhood neurodevelopmental and psychiatric disorders, but some other 

neurodevelopmental and psychiatric disorders that usually have their onset later in 

adolescence. Besides, information on main exposures and outcomes was identified by ICD-

10 code, obtained from national registers, which avoided selection and recall bias. Further, 

the use of registry data allowed us to control for a wide range of confounding variables as 

well as to further control, at least in part in some of the studies, for shared genetic and 

familial factors using a sibling pair analysis.  

6.5.2 Limitations 

Our studies also have some limitations. First, while the oldest birth year cohort could be 

followed-up for 11 years in Study I, II and V, those born late received shorter followed-ups, 

which reduced the sample size of late-onset disorders. Second, some neurodevelopmental and 

psychiatric disorders were grouped to have enough sample size, which restricted risk 

estimates for a single disorder. Third, although some neurodevelopmental disorders are often 

comorbid, such as ASD, ADHD and intellectual disabilities, our study did not examine 

offspring psychiatric comorbid disorders. Fourth, although we identified all diagnoses of 

offspring neurodevelopmental and psychiatric disorders based on ICD-10 codes, changes of 

offspring diagnosis were not considered in these studies. Fifth, maternal pre-pregnancy BMI 

was available from only one time point (at their first prenatal visit) and only from 2004 

onwards. Thus, the effect of gestational weight gain on offspring neurodevelopmental and 

psychiatric disorders could not be investigated. Missing BMI data was due to the recent 

clinical implementation of the registration of BMI at prenatal visit. Last, although Study II, 

IV and VI were conducted sibling pair analyses, only twin studies (particularly among 

monozygotic twins) can provide complete genetic matching and have the best premises for 

adjustment for genetic and familial confounding.   
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7 CONCLUSIONS 

Based on the main findings in these six studies, the following list are the summary of 

conclusions in this doctoral thesis: 

Study I and II: Maternal diabetes, combined with severe obesity, was associated with 

overall risk of offspring neurodevelopmental and psychiatric disorder in a hierarchical order, 

with the greatest risk of maternal insulin-treated PGDM, followed by T2DM and then GDM. 

Study III: Maternal polycystic ovary syndrome and/or anovulatory infertility, independently 

and jointly with maternal pre-pregnancy obesity, cesarean delivery, GDM and perinatal 

problems, associated with an increased risk for offspring neurodevelopmental and psychiatric 

disorders. 

Study IV: Severe maternal preeclampsia was associated with the risk for offspring 

intellectual disabilities, specific developmental disorders, ADHD and conduct disorder as 

well as other behavioral and emotional disorders. For specific developmental disorders and 

ADHD and conduct disorders the risk estimates were higher than that of exposure to only 

perinatal problems. 

Study V: Maternal insulin-treated PGDM was associated with a higher risk for LGA and 

preterm births regardless of the maternal pre-pregnancy BMI, whereas T2DM without insulin 

treatment had mild to moderately increased risks. 

Study VI: Preterm birth and abnormal birth size were each associated with the risk for 

neurodevelopmental and psychiatric disorders in spontaneously born children. This study 

demonstrates that these perinatal problems are associated with most of the studied disorders 

and that preterm birth followed by small birth size implies a higher risk than preterm birth or 

small birth size alone. 
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8 FUTURE PERSPECTIVES 

Increased recognition, understanding, and attention to neurodevelopmental and psychiatric 

disorders have been driven by the significant development in research evidence and changes 

in cultural and societal contexts in the past few decades. However, the etiology of these 

disorders remains poorly understood. Despite this gap, significant progress has been made in 

terms of emphasizing the genetic, environmental, and developmental origins of these 

disorders. In particular, the interaction between genetics and the environment is generally 

believed to play a key role in the development of these disorders. Given that the sample size 

is quite large and the follow-up is long enough, cohort studies are of particular value in 

epidemiology, which can help us build an understanding of what risk factors increase the 

likelihood of offspring developing these disorders. Besides, future studies are warranted to 

explore the potential pathways and mechanisms by which prenatal or perinatal exposures may 

influence later psychiatric and neurodevelopmental disorders in offspring. 

Although the six studies in this thesis adjusted for a wide range of confounding factors, 

unmeasured and unknown confounding remains a limitation with any observational studies. 

Further studies are warranted to explore any mediators or modifiers, not yet identified, 

existing in the association between prenatal/perinatal exposures and offspring 

neurodevelopmental and psychiatric outcomes. Although this thesis conducted a full sibling 

pair analysis, only twin studies (particularly among monozygotic twins) can provide complete 

genetic matching and have the best premises for adjustment for shared genetic and familial 

confounding. Future well-designed and high-quality twin-matched and sibling pair studies are 

still warranted. 

This thesis provides evidence for, and magnitudes of, associations between prenatal 

metabolic and perinatal risks and offspring neurodevelopmental and psychiatric disorders.  

These findings should have clinical implications for pregnancy counseling and management, 

as well as for intervention to avoid adverse birth outcomes and effects on neurodevelopment. 

Future research studies on modifiers there are of the effects of maternal metabolic disorders 

on offspring neurodevelopmental and psychiatric disorders are warranted. For example, does 

certain blood glucose lowering drugs or Vitamin D supplementation during pregnancy protect 

children from neurodevelopmental effects of prenatal metabolic exposures? 
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