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Advanced paternal age has been suggested as risk factors for autism, but empirical evidence is mixed. This study examines whether the association between paternal age and autism in the offspring (I) persists controlling for documented autism risk factors, including family psychiatric history, perinatal conditions, infant characteristics and demographic variables; (II) may be explained by familial traits associated with the autism phenotype, or confounding by parity; and (III) is consistent across epidemiological studies. Multiple study methods were adopted. First, a Swedish 10 birth-years cohort (N=1,075,588) was established. Linkage to the National Patient Register ascertained all autism cases (N=883). Second, 660 families identified within the birth-cohort had siblings discordant for autism. Finally, meta-analysis included population-based epidemiological studies. In the birth-cohort autism risk increased monotonically with increasing paternal age. Offspring of men 50 years or older were 2.2 times (95% confidence interval: 1.26-3.88: p=0.006) more likely to have autism than offspring of men 29 years or younger, after controlling for maternal age and documented risk factors for autism.

Within-family analysis of discordant siblings showed that affected siblings had older paternal age, adjusting for maternal age and parity (p<0.0001). Meta-analysis demonstrated advancing paternal age association with increased risk of autism across studies. These findings provide the strongest evidence to date that advanced paternal age is a risk factor for autism in the offspring.

Possible biological mechanisms include de-novo aberration and mutations or epigenetic alterations associated with ageing.

INTRODUCTION

Autism is a chronic disorder with onset by age 3, characterized by three main behavioral disturbances: social abnormalities, language impairments, and stereotyped, repetitive patterns of behavior [START_REF]American-Psychiatric-Association. Diagnostic and Statistical Manual of Mental Disorders[END_REF]. The cause of autism is unknown, however, twin and family studies provide compelling evidence for a strong genetic contribution [START_REF] Bailey | Autism as a strongly genetic disorder: evidence from a British twin study[END_REF], yet environmental influences may also be etiologically important [START_REF] Newschaffer | Heritable and nonheritable risk factors for autism spectrum disorders[END_REF].

This study investigates whether advancing paternal age at birth of offspring is associated with an increased risk of autism in offspring. Older paternal age at childbirth has been associated with several congenital disorders [START_REF] Lian | Paternal age and the occurrence of birth defects[END_REF]. In some cases a direct causal link has been argued [START_REF] Tolarova | Birth prevalence, mutation rate, sex ratio, parents' age, and ethnicity in Apert syndrome[END_REF].

Therefore the main reason to examine the relationship between paternal age and autism is that it may provide clues to the biological pathways leading to autism.

Epidemiological findings on the association between advancing paternal age and risk of autism are mixed. Several studies report a strong association [START_REF] Durkin | Advanced parental age and the risk of autism spectrum disorder[END_REF][START_REF] Croen | Maternal and paternal age and risk of autism spectrum disorders[END_REF][START_REF] Reichenberg | Advancing paternal age and autism[END_REF][START_REF] Lauritsen | Effects of familial risk factors and place of birth on the risk of autism: a nationwide register-based study[END_REF][START_REF] Daniels | Parental psychiatric disorders associated with autism spectrum disorders in the offspring[END_REF], yet others do not [START_REF] Larsson | Risk factors for autism: perinatal factors, parental psychiatric history, and socioeconomic status[END_REF][START_REF] Glasson | Perinatal factors and the development of autism: a population study[END_REF][START_REF] Maimburg | Perinatal risk factors and infantile autism[END_REF]. The association may be unclear due to methodological limitations. These include high levels of missing-data, selection bias, and lack of statistical control for other risk factors (e.g., age of the other parent, birth order, perinatal complications, or presence of psychiatric disorders in parents). It has also been suggested that the association is due to fathers of autistic individuals delaying paternity because they carry traits associated with the autism phenotype [START_REF] Puleo | Do autismrelated personality traits explain higher paternal age in autism?[END_REF]. For example, traits such as shyness and aloofness which may limit interactions with women have been described in fathers of autistic children [START_REF] Piven | The broad autism phenotype: a complementary strategy for molecular genetic studies of autism[END_REF][START_REF] Bailey | Autism: the phenotype in relatives[END_REF].

Here we report data on the association between advancing paternal age and autism using multiple study methods. First, using a birth-cohort we examined whether the association is explained by any of previously identified parental or perinatal autism risk factors. Second, within the birth-cohort a family-based study examined the hypothesis that the association is due to delayed paternity resulting from traits associated with the autism phenotype, or due to confounding by parity. Finally, a meta-analysis examined the extant data on paternal age and autism.

METHODS

Birth Cohort Study

Design

A birth-cohort of all children born in Sweden from January 1, 1983 to December 31, 1992 and followed up until December 31, 2002 was established using data obtained from four Swedish national registries: Medical Birth Register, Multi-generation Register, National Patient Register and Statistics Sweden. The registries are detailed in Table 1. All Swedish live-born children and new residents are assigned a unique personal identification number. The number is used in all contacts with authorities and national registers rely on this number, ensuring accurate and complete linkage between registries. Some individuals in the analysis were studied regarding perinatal complications and parental psychiatric disorders and autism in case-control studies [START_REF] Daniels | Parental psychiatric disorders associated with autism spectrum disorders in the offspring[END_REF][START_REF] Hultman | Perinatal risk factors for infantile autism[END_REF]. Unlike past research, the current study addresses different research questions, and uses cohort and family-based designs.

Autism diagnosis

All infants and preschool children are regularly seen at well-child care clinics and undergo routine medical and developmental screening. All children aged 4 undergo routine general health screening, that includes mandatory developmental assessment (motor, language, cognitive and social development) conducted by a nurse and pediatrician. Children with any suspected psychiatric disorder (including autism) are referred for further assessment by a specialized team in a child psychiatry unit. During the study period diagnoses were made by hospital-based diagnostic teams with a psychiatrist, clinical psychologist, and speech pathologist or occupational therapist, depending on clinical manifestations. The instruments include parental interviews, cognitive testing of the child, and observations in naturalistic settings, including the home or the unit. Diagnostic information is entered to the Hospital-Discharge-Register.

For the study years International Classification of Diseases, 9 th (18) and 10 th revisions [START_REF]World-Health-Organization. International Statistical Classification of Diseases, Tenth Revision (ICD-10)[END_REF] (ICD-9 and ICD-10) diagnostic codes were used in national registers. Specific criteria for autism slightly vary between ICD-9 and ICD-10. Both ICD versions, however, explicitly require the presence of three symptom areas of impairment in social interaction, communication and restricted range of interests and behaviors in childhood for the diagnosis of autism. To maximize diagnostic consistency across classification schemes and increase accuracy, the present investigation focuses on the narrow diagnosis of infantile/childhood autism (ICD-9 diagnostic codes 299A or ICD-10 diagnostic codes F84.0-F84.1), and does not include other forms of autism-spectrum disorders. As no specific code of autism was available before ICD-9 was introduced in 1987, the study was restricted to include subjects diagnosed from 1987.

The Hospital-Discharge-Register has shown high reliability for the diagnosis of adult-onset psychiatric disorders (e.g., schizophrenia) [START_REF] Ekholm | Evaluation of diagnostic procedures in Swedish patients with schizophrenia and related psychoses[END_REF]. Although we were unable to reassess subjects in our cohort because data used for analysis were anonimized, as part of another study we have been assessing the validity of autism diagnosis in the registry. We randomly ascertain cases with autism that appear in the Hospital-Discharge-Register, and implement a validation method developed by the Centers for Disease Control and Prevention (CDC) and utilized in a recent validation study of autism diagnoses in a similar register in Denmark [START_REF] Lauritsen | Validity of childhood autism in the Danish Psychiatric Central Register: findings from a cohort sample born 1990-1999[END_REF][START_REF] Bertrand | Prevalence of autism in a United States population: the Brick Township, New Jersey, investigation[END_REF][START_REF] Madsen | A population-based study of measles, mumps, and rubella vaccination and autism[END_REF]. Medical records and any other available clinical information for each case are collected according to a systematic coding scheme which is based on the Diagnostic and Statistical Manual 4th Edition (DSM-IV) [START_REF]American-Psychiatric-Association. Diagnostic and Statistical Manual of Mental Disorders[END_REF]. Information is collected about symptoms regarding social interaction, communication, and stereotyped, restricted, repetitive behaviour. The collected information is reviewed and coded by two experts in autism diagnosis, and a consensus diagnosis is determined. For subjects who were born during the years of the present study cohort, diagnostic criteria for autism according to the (DSM)-IV criteria were upheld (methods and results are available from the authors on request).

Selected covariates

Potential covariates were identified from a systematic review of epidemiological evidence for demographic, parental, perinatal and infant characteristics and autism risk [START_REF] Kolevzon | Prenatal and perinatal risk factors for autism: a review and integration of findings[END_REF], and selected for the analysis if they enhanced comparability with previous studies, or were recognized as potential confounders. Covariates included paternal education level, parental country of birth, parental psychiatric hospitalization history, maternal age, birth weight, birthweight for gestational age, fetal distress, and parity (see also Table 2). Year of birth was also included as a covariate following recent debate about the potential confounding of paternal age and autism associations due to cohort effects [START_REF] King | Estimated autism risk and older reproductive age[END_REF][START_REF] Grether | Risk of autism and increasing maternal and paternal age in a large north American population[END_REF][START_REF] Reichenberg | Advancing paternal and maternal age are both important for autism risk[END_REF].

The analytic cohort

Individuals born in Sweden (n=1,075,588) over the 10-year period were identified through the Medical Birth Register. The Multigeneration-Register permitted the identification of parents, and to obtain information on the parents' birth-date, socioeconomic status, and national origin from Statistics Sweden. Through linkage with the Hospital-Discharge-Register information was obtained on psychiatric history in both children and their parents. 14,025 cohort members had a psychiatric diagnosis other than autism in the Hospital-Discharge-Register, and were excluded from the analysis to avoid possible bias [START_REF] Rothman | Modern Epidemiology[END_REF]. A further 2.5% of the entire cohort had missing data on one or more covariates, leaving 1,035,487 individuals in the analytic cohort. Patterns of missing data did not differ between non-psychiatrically-hospitalized controls and autism cases.

Percent missing data on a single covariate (1.3% vs 1.7%), and two or more covariates (1.2% vs 0.9%), respectively, were similar.

Data analysis

The association between paternal age and offspring autism was first examined using splines [START_REF] Hastie | Generalized Additive Models[END_REF]. A spline model estimates the response relation without assuming that the data follow a particular form, such as linear or cubic. This allows for an evaluation of the functional form of associations, and characterization of risk pattern including points of non-linearity (threshold effects).

We then examined paternal age using a categorical measure to allow for a nonlinear effect of paternal age on the risk of autism. Based on the spline model, paternal age was categorized into the following age groups: 15 to 29 (referent category), 30 to 39, 40 to 49, and 50 years or older.

In a secondary analysis we further extended the paternal age categories to 50 through 54 and 55 or older. We fitted GEE (Generalized Estimating Equations) regression models [START_REF] Liang | Longitudinal Data Analysis Using Generalized Linear Models[END_REF][START_REF] Diggle | Analysis of longitudinal data[END_REF]. Odds ratio (OR) and associated two-sided 95% Wald type confidence intervals (CIs) were computed, and significance level was set at p<0.05 (2-sided). GEE modeling is robust since it requires no assumptions about data distribution, and adjusts for correlations among siblings (55% of the cohort). For the unadjusted results, we fitted paternal age as the only predictor of autism. For the adjusted results, maternal age was first included in the model. A subsequent model included maternal age, and the additional a-priori selected covariates. Analyses were conducted using the SAS software version 9.2 on an AIX mainframe.

Family Based Study

We modeled the parental age association with autism in a subset of families from the birth cohort with an autistic child and at least one non-autistic sibling. This study was carried for three reasons. First, to robustly test the paternal age effect: Family conditions are more similar for siblings than for unrelated children, which provide important control of confounding.

Second, to carefully test the possibility that the paternal age effect pertains only to first born children, and consideration of whether 'stoppage' (i.e., after recognizing that a child has a neurodevelopmental problem stopping having subsequent children) might create an artefact of increased likelihood that a child with autism from an older father will also have a low birth order [START_REF] Durkin | Advanced parental age and the risk of autism spectrum disorder[END_REF]. Third, to addresses the hypothesis that fathers of autistic individuals delay paternity because of traits associated with the autism phenotype. An association between advancing paternal age and autism within affected families would suggests that deferred paternity due to genetic autism-related traits is unlikely to explain advancing paternal age effect in autism.

Data analysis

To compare paternal age between autistic and non-autistic siblings linear mixed effect models were fitted allowing for correlated response between successive births within each family.

Means and standard deviations were computed. In subsequent models maternal age and parity were added as covariates.

To further explore the paternal age and parity effects a Generalized Linear Mixed-effect Model (GLMM) was fitted [START_REF] Pawitan | All Likelihood: Statistical Modelling and Inference Using Likelihood[END_REF]. This analysis modeled the conditional probability of an autistic child in families with an autistic child and at least one more child as a function of two parameters: [START_REF]American-Psychiatric-Association. Diagnostic and Statistical Manual of Mental Disorders[END_REF] paternal age at the time of birth of the father's 1 st child (whether this child was autistic or not) and ( 2) number of years since the birth of the 1 st child (For model specification see supplemental material). If a statistically-significant effect is observed for the second parameter in the model this will provide evidence for a paternal age effect beyond the first child.

Meta-Analysis

Meta-analysis, based on recommended guidelines [START_REF] Stroup | Metaanalysis of observational studies in epidemiology: a proposal for reporting. Metaanalysis Of Observational Studies in Epidemiology (MOOSE) group[END_REF], was used to examine pooled presentstudy and all previous peer-reviewed epidemiological results on the association between paternal age and autism.

Data sources: Published peer-reviewed studies were identified through a variety of methods that included: (1) computerized MEDLINE and PsycINFO searches for English-language biomedical articles that examined prenatal and perinatal conditions in autism up to August 2010. This follows the recommendation to search multiple databases to maximize the number of relevant citations (34) (for search terms see Supplemental Material); (2) screening reference lists of original articles; and (3) manual search of relevant journals likely to publish such epidemiological studies. When necessary, authors were contacted with requests for additional study information.

Study selection: Studies were included in the meta analysis if they fulfilled the following inclusion criteria: (1) a well-defined sample of cases drawn from population-based registry or cohort; (2) comparison subjects drawn from the general population with information on parental age obtained from the same source; (3) use of a standardized format for presentation of data, allowing for comparisons between studies and calculation of crude odds ratios (ORs); and (4) presentation of results for paternal age.

Data analysis

Data was analyzed using standard meta-analytic modeling in R statistical software and the R-Meta package (35). Weighted odds ratios (ORs) and 95% CIs were calculated. Three sensitivity analyses were conducted including the removal of studies with (a) the largest magnitude of association; (b) that included autism and high rates of autism spectrum disorders [START_REF] Durkin | Advanced parental age and the risk of autism spectrum disorder[END_REF][START_REF] Croen | Maternal and paternal age and risk of autism spectrum disorders[END_REF][START_REF] Sasanfar | Paternal age increases the risk for autism in an Iranian population sample[END_REF]; and (c), high rates of missing data on paternal age [START_REF] Durkin | Advanced parental age and the risk of autism spectrum disorder[END_REF][START_REF] Reichenberg | Advancing paternal age and autism[END_REF][START_REF] Maimburg | Perinatal risk factors and infantile autism[END_REF].

RESULTS

Birth-Cohort Study

Among all individuals in the birth-cohort the rate of autism was 8.3 cases per 10,000 persons (860 cases), increasing monotonically from 6.5 cases per 10,000 persons to 9.2 cases per 10,000 persons between 1983 and 1992. Two epidemiological surveys of autism prevalence that applied robust case-ascertainment methods were conducted in western Sweden during the early and late years of the birth-cohort [START_REF] Bohman | Childhood psychosis in a northen Swedish county: Some preliminary findings from an epidemiological survey[END_REF][START_REF] Gillberg | Is autism more common now than ten years ago?[END_REF]. The prevalence rates reported in those surveys (5.6 and 9.1 per 10,000, respectively) are similar to those in the national register, supporting the registry's representativeness. Also, the total rate is consistent with a review of epidemiological studies of autism reporting a median rate of 9.5 per 10,000 in those decades [START_REF] Fombonne | Epidemiological surveys of autism and other pervasive developmental disorders: an update[END_REF].

Characteristics of offspring with or without autism in relation to demographic, parental, perinatal and infant characteristics (covariates) are presented in Table 2. After controlling for the effects of all other characteristics and paternal age, risk of autism was independently associated with paternal birth in non-Western and non-Scandinavian countries; paternal and maternal psychiatric hospitalization; the offspring being born small-for-gestational age and intrauterine hypoxia or birth asphyxia (Table 2). Risk of autism was not associated with paternal education level, maternal age, maternal birth in non-Western and non-Scandinavian countries, low birth weight or parity.

Paternal age

Spline regression was implemented to obtain a detailed risk assessment pattern (Figure 1A). This indicated that risk started to increase at the paternal of age 30, showed a plateau after age 40 and further increased from the age of 50.

Based on the spline regression, the effect of paternal age on autism risk was examined using 10year age categories. Unadjusted and adjusted ORs for each category, relative to the group aged risk of autism with advancing categories of paternal age. For example, fathers older than 50 years had 2.7 times increased risk of having an offspring with autism. The association between paternal age and risk of autism persisted after controlling for maternal age (Table 3). The association persisted while also controlling for the effects of parental psychiatric history, perinatal conditions and infant characteristics, year of birth and socioeconomic status (Table 3). Paternal -compared to maternal -wider reproductive age did not explain the observed association (see Supplemental Material Tables S1-S3).

When the effect of paternal age on autism risk was estimated in the extended paternal age groups (paternal age, 50 to 54 years and ≥55 years), increased risk was most marked in the oldest paternal age group. Fathers older than 55 years had 4.4 times increased risk of having an offspring with autism, after controlling for the effects of maternal age, parental psychiatric history, perinatal conditions and infant characteristics, year of birth and socioeconomic status (Table 3). Caution is warranted regarding the latter risk estimate due to low precision indicated by the wide 95% confidence intervals. Nevertheless, the results suggest that the relationship between paternal age and risk of autism is monotonic but possibly nonlinear. A formal analysis of a nonlinear monotonic association was not conducted because the sample was too small to permit a reliable statistical test. Inclusion of the cohort members who had a psychiatric diagnosis other than autism in the analytic cohort did not change the reported risk estimates related to paternal age.

Family-based Study

The paternal age effect was examined within a subset of families of individuals with autism, who had at least one more non-autistic sibling in the birth cohort (N=660 families). Within these families, paternal age when the offspring with autism was born was higher than the paternal age at the time the unaffected sibling/s were born [Mean age: 32.7±6.3 vs. 30.8±6.4 in affected and unaffected siblings, respectively, t(653)=10.96, p<0.0001]. The difference between affected and unaffected siblings in paternal age remained statistically significant after adjustment for maternal age [t(652)=5.52, p<0.0001]. The difference between affected and unaffected siblings in paternal age remained statistically significant also after adjustment for parity [t(629)=6.84, p<0.0001]. For convergence this analysis required restriction of birth order to be equal or lower than 4 thus slightly reducing the number of degrees of freedom.

The GLMM model showed statistically significant effects of father's age at the time the 1 st child was born [F(3,631)=2.40, p=0.049], and of time since the birth of the 1 st child [F(5,929)=12.01, p<0.001] demonstrating that paternal age does not pertain only to first born children. For descriptive purposes the modeled conditional probability of autism in the offspring was plotted as a function of father's age at the time of birth of the 1 st child, and years since birth of 1 st child (i.e., paternal age at subsequent births) in five paternal age categories (Figure 1B). Risk of autism at the time of birth of the 1 st child increased monotonically with increasing categories of paternal age. Risk of autism continued to increase with each additional year of paternal age within all but the last age category. The latter observation suggests that stoppage may occur, but only in the oldest fathers, and is therefore unlikely to cause substantial artefactual effects.

Meta-analytic Study

Twelve articles from 7 different countries (6-8, 10-13, 26, 36, 40-42) fulfilled all 4 inclusion criteria (for studies characteristics see Supplemental Material Table S4). Two studies were excluded from the meta-analysis although both demonstrated a statistically significant association between advancing paternal age and autism. The study from Sweden [START_REF] Daniels | Parental psychiatric disorders associated with autism spectrum disorders in the offspring[END_REF] was excluded because of concerns for under-ascertainment of autism cases from the study's source population due to changes in autism services in Sweden during the time-period of the study (see reference 10, pg. 1360). The study from the US (41) was excluded because it substantially overlapped with another study [START_REF] Grether | Risk of autism and increasing maternal and paternal age in a large north American population[END_REF] and the latter examined a considerably larger cohort.

Figure 2 (A-C) depicts results of the meta-analysis conducted on the association between paternal age and autism. Between-study variance was low (less than 0.1), but two of the tests for heterogeneity across studies were statistically significant (p<0.05), and therefore results of the random effects models are reported. Compared to fathers aged 29 years or younger, the random effects pooled estimates of risk of autism were as follows: 1.22 for offspring of fathers 30 to 39 years old (95%CI: 1.05-1.42); 1.78 for offspring of fathers 40 to 49 years old (95%CI:

1.52-2.07), and 2.46 for offspring of fathers 50 years or older (95%CI: 2.20-2.76). Sensitivity analyses did not attenuate the original results of the meta-analysis.

DISCUSSION

Paternal age as a risk factor for autism

The present investigation evaluated the hypothesis that risk of autism in the offspring increases with advancing paternal age. First, using data from a birth cohort, controlling for a range of documented risk factors, including parental, perinatal and socioeconomic variables and year of birth, the results demonstrated a strong monotonic relationship between increasing paternal age at birth of offspring and risk of autism in offspring. Second, pooled results of meta-analysis were consistent with this effect. These findings from multiple large data sources provide substantial evidence toward confirming that paternal age is involved in the development of autism.

It has been suggested that parental traits related to the autism phenotype may explain the association between paternal age and autism. Such traits (e.g., shyness) could manifest as reduced ability for social interaction and may result in an older paternal age [START_REF] Puleo | Do autismrelated personality traits explain higher paternal age in autism?[END_REF]. Our familybased analysis examined this hypothesis by comparing paternal age in siblings with and without autism. The observed association between older paternal age and autism within families appears to be generally consistent with the paternal age effect in autism not resulting from deferred paternity due to genetic autism-related traits, but is not definitive.

Potential etiological mechanisms

One possible explanation for the paternal age effect is an increased occurrence of spontaneous genomic alterations. It is thought that spermatogonial stem cell divisions occurring over the life-course result in higher mutational rates and cytogenetic abnormalities in the sperm of older men [START_REF] Crow | The origins, patterns and implications of human spontaneous mutation[END_REF][START_REF] Buwe | Effect of paternal age on the frequency of cytogenetic abnormalities in human spermatozoa[END_REF]. Numerous neurological and psychiatric disorders have been related to genomic alterations [START_REF] Reichenberg | Epigenetics, Genomic Mutations and Cognitive Function[END_REF]. Several studies have uncovered an increased prevalence of de-novo copynumber variants (CNVs), and other forms of genomic alterations in autistic children [START_REF] Marshall | Structural variation of chromosomes in autism spectrum disorder[END_REF][START_REF] Sebat | Strong association of de novo copy number mutations with autism[END_REF].

Interestingly, the genomic alterations mechanism predicts that the association between paternal age and autism should not pertain only to first born children. Carefully examined in the familybased study, advancing paternal age was associated with autism risk even when adjusting for birth order, and was evident in first as well as later born children. A descriptive analysis, however, indicated that this effect was not present in the group of fathers 40 years or older.

Thus the within family analysis appears to be generally consistent with the genomic alterations hypothesis, but this is not conclusive. An alternative explanation is that epigenetic dysfunction underlies some paternal age effects.

Epigenetic dysfunction has been associated with several neuropsychiatric disorders [START_REF] Mill | Epigenomic profiling reveals DNA-methylation changes associated with major psychosis[END_REF], and is also implicated in single-gene disorders, including Rett and Fragile X syndromes, characterized by autistic-like features in some patients [START_REF] Reichenberg | Epigenetics, Genomic Mutations and Cognitive Function[END_REF]. A study by Flanagan and colleagues [START_REF] Flanagan | Intra-and interindividual epigenetic variation in human germ cells[END_REF] reported intra-and inter-individual epigenetic variability in the male germline , and found a number of genes that demonstrated age-related DNA-methylation changes. It is also possible that the accumulated exposure to various environmental toxins over the life-course could result in genomic and/or epigenetic alterations in the germ cells of older parents. Toxins have been shown to induce DNA damage, germline mutations and global hypermethylation in germ cells [START_REF] Yauk | Germ-line mutations, DNA damage, and global hypermethylation in mice exposed to particulate air pollution in an urban/industrial location[END_REF].

The main strength of this study is in combining a large birth-cohort, a family study and a metaanalysis allowing for greater confidence in observed relationships between paternal age and autism outcome. Additionally the youngest member of the cohort was followed up to the age of 10, ensuring coverage of the age range during which autism is likely to be diagnosed. Finally, the statistical models adjusted for correlations among siblings. The findings should, however, be interpreted in light of some limitations. First, we did not examine whether parental age was related to diagnoses within autism spectrum disorders (other than autism). Results may therefore not be generalized to autism spectrum disorders. Second, information was not available about clinical features such as severity of mental retardation and language level.

Research suggests that most people with autism also exhibit varying degrees of mental retardation [START_REF] Chakrabarti | Pervasive developmental disorders in preschool children[END_REF]. Whether severity of mental retardation modifies the association between paternal age and autism remains to be examined. Nevertheless, research has reported [START_REF] Tsuchiya | Paternal age at birth and high-functioning autistic-spectrum disorder in offspring[END_REF] an association between advancing paternal age and autism in a large sample of autism cases with IQ within-normal-range (>70). Third, autism prevalence rates have increased dramatically since the time of the birth-cohort [START_REF] Fombonne | Epidemiological surveys of autism and other pervasive developmental disorders: an update[END_REF]. Nevertheless, the association between advancing paternal age and autism has been reported in contemporary cohorts [START_REF] Durkin | Advanced parental age and the risk of autism spectrum disorder[END_REF][START_REF] Croen | Maternal and paternal age and risk of autism spectrum disorders[END_REF]. Fourth, information about possible associated medical condition (e.g., Fragile-X, Tuberous Sclerosis) was not available. It is noted, however, that epidemiological studies and meta-analysis have concluded that the overall proportion of autism cases that may be attributed to known medical disorders is low [START_REF] Fombonne | Epidemiological surveys of autism and other pervasive developmental disorders: an update[END_REF][START_REF] Chakrabarti | Pervasive developmental disorders in preschool children[END_REF]. Finally, this study found no evidence for increased autism risk in the offspring of old mothers. Epidemiological studies on the association between advancing maternal age and risk of autism have reported mixed results (6-13, 26, 40, 41, 53, 54). The lack of consistency across studies could be due to limitations of sample size as well as other methodological differences, including autism case definitions and inclusion criteria and the ability to control for important confounders. This heterogeneity in findings requires further examination in a separate series of studies and/or meta-analyses.

CONCLUSIONS

Based on data from a birth-cohort, a family-based study and a meta-analysis we provide the strongest and most consistent evidence available that advancing paternal age at the time of birth of offspring increases the risk of autism. De novo germline mutations, epigenetic alterations and life course toxic exposure may partly explain the observed association. The evidence is substantial enough to justify a search for the underlying mechanisms in both human and animal models [START_REF] Smith | Advancing paternal age is associated with deficits in social and exploratory behaviors in the offspring: a mouse model[END_REF][START_REF] Foldi | Advanced paternal age is associated with alterations in discrete behavioural domains and cortical neuroanatomy of C57BL/6J mice[END_REF]. 

Multi-Generation Register

The Multigeneration-Register contains information about the entire Swedish population. Children born after January 1st 1932 are linked to their biological parents. The register comprises 9 million children (index persons), and 11 million unique individuals. Importantly the register includes family information (e.g., identification of parents, siblings and offspring) allowing linkage to other population based registers, which include information on health (e.g. psychiatric hospitalizations), demographic variables (e.g., date of birth, country of origin), and socioeconomic data (e.g., employment, education).

National Patient Register

Sweden has universal health insurance coverage that guarantees equal access to health services, regardless of employment status or socioeconomic status. The register has a nationwide coverage of inpatient treatment facilities and includes care in psychiatric as well as somatic hospitals. There are no private psychiatric hospitals in Sweden. The Swedish National Patient Register contains details on virtually all psychiatric hospitalizations since 1973, including admission and discharge dates and the discharge diagnosis made by the treating physician. Diagnostic information is coded using the ICD codes. The standard procedure dictates that diagnosis will be given by a consultant (equivalent of an attending) psychiatrist at the time of discharge from hospital. The diagnostic assessment is then forwarded on a computer medium to the National Patient Register. These routines are standardized across Sweden.

Statistics Sweden

Individual demographic and socio-economic data is maintained by Statistics Sweden (Total Population Register, Education Register and Census) allowing linkage of information on parental socio-economic status, education, country of origin and citizenship. 

Figure 1 :

 1 Figure 1: Autism According to Paternal Age at Birth of Offspring. Presented are: (A) Univariate rates in the birth-cohort calculated by spline model. (B) Conditioned probability for having an autistic child as a function of father's age at the time of birth of the first child and number of years since the birth of the first child in the family study (families with an autism child and at least one more non-autistic sibling). Solid line represents point estimates and dashed lines represent 95% confidence intervals.

Figure 2 :

 2 Figure 2: Meta-analysis pooling results across 11 independent studies (providing data from 12 cohorts) summarizing the association between advancing parental age and risk of autism. Presented are forest plots of odds ratios and 95% confidence intervals comparing: A. Paternal age 30-39 to 29 and below. B. Paternal age 40-49 to 29 and below. C. Paternal age 50 and above to 29 and below (only 6 studies (providing data from 7 cohorts) provided information for this analysis). (Symbols are proportional to sample size)

  

  

Table 1 :

 1 National registries used for the studyThe Medical Birth Register, established in 1973, contains data on pregnancy and birth for all births in Sweden, and has been described in detail elsewhere (www.socialstyrelsen.se/en/). More than 95% of the Swedish pregnant population attend antenatal care before the 15th gestational week, and the register covers over 99% of all births. This register includes information collected prospectively, starting with the first antenatal visit through the time when mother and child are discharged from the hospital after delivery. Antenatal care routines are standardized and the information is provided through antenatal, obstetrical, and neonatal records, and classified according to the International Classification of Diseases (ICD) version 8 (57) until 1986, version 9 (ICD-9) (18) from 1987 to 1996, and ICD-10 (19) subsequently.

	Registry	Description
	Medical Birth Register	

Table 2 :

 2 Demographic, parental, perinatal and infant characteristics and their association with autism (Data are presented as number (percentage) of children). Information on psychiatric admission of parents was obtained from the Hospital Discharge Register. A parent was defined as having a psychiatric history if a psychiatric diagnosis had been recorded either before or after the date that autism was diagnosed in the child. 2-Small or large size for gestational age: 2 standard deviations below or above the mean birth weight for the gestational age according to Swedish birth weight standards. 3-Intrauterine hypoxia or birth asphyxia. 4 -Each measure is adjusted for paternal and maternal age and all other variables in the table.

	Characteristics	Non-Psychiatrically	Autism Cases	Unadjusted	Adjusted
		Hospitalized Cohort	(N=860)	OR 4	OR 4
		(N=1,034,627)		(95% CI)	(95% CI)
	Demographic and Parental Characteristics				
	Paternal Education Level (Indicator of SES)				
	Less than primary school (less than 9 years)	55,193 (5.33%)	58 (6.74%)	1.34 (1.02-1.75) 0.99 (0.74-1.32)
	Primary school (9 years)	164,271 (15.88%)	126 (14.65%)	0.97 (0.79-1.18) 0.95 (0.77-1.16)
	Upper secondary school (10-12 years)	523,860 (50.63%)	417 (48.49%)	1.0	1.0
	Higher education (more than 12 years)	291,303 (28.16%)	259 (30.12%)	1.14 (0.98-1.32) 1.13 (0.96-1.33)
	Maternal Country of Birth				
	Sweden	909,900 (87.94%)	711 (82.67%)	1.0	1.0
	Scandinavia or Western	57,845 (5.59%)	54 (6.28%)	1.13 (0.86-1.48) 1.04 (0.77-1.40)
	Other	66,882 (6.46%)	95 (11.04%)	1.86 (1.51-2.29) 1.25 (0.91-1.73)
	Paternal Country of Birth				
	Sweden	904,303 (87.40%)	703 (81.74%)	1.0	1.0
	Scandinavia or Western	56,915 (5.50%)	50 (5.81%)	1.09 (0.82-1.44) 1.07 (0.79-1.44)
	Other	73,409 (7.10%)	107 (12.45%)	1.89 (1.54-2.31) 1.54 (1.14-2.09)
	Maternal Psychiatric Hospitalization 1				
	No	984,268 (95.13%)	775 (90.11%)	1.0	1.0
	Yes	50,359 (4.87%)	85 (9.89%)	2.11 (1.70-2.63) 1.91 (1.51-2.40)
	Paternal Psychiatric Hospitalization 1				
	No	978,402 (94.56%)	783 (91.04%)	1.0	1.0
	Yes	56,225 (5.44%)	77 (8.96%)	1.58 (1.27-1.98) 1.51 (1.18-1.92)
	Maternal age				
	15-29	544,062 (52.59%)	422 (49.07%)	1.00	1.0
	30-39	467,554 (45.19%)	413 (48.02%)	1.14 (0.99-1.31) 0.98 (0.93-1.16)
	≥40	23,011 (2.22%)	25 (2.91%)	1.40 (0.93-2.09) 0.93 (0.59-1.44)
	Perinatal and Infant Characteristics				
	Birth Weight				
	<=1,500gr	6,434 (0.62%)	14 (1.63%)	2.52 (1.51-4.23) 1.15 (0.58-2.28)
	1,501-2,500gr	37,432 (3.62%)	56 (6.51%)	1.78 (1.36-2.35) 1.04 (0.71-1.52)
	2,501-3,500gr	452,181 (43.70%)	383 (44.53%)	1.0	1.0
	3,501-4,500gr	505,804 (48.89%)	374 (43.49%)	0.90 (0.78-1.04) 0.95 (0.82-1.11)
	>=4,501gr	32,776 (3.17%)	33 (8.38%)	1.18 (0.82-1.71) 1.04 (0.66-1.64)
	Birth Weight for Gestational Age 2				
	Small	28,292 (2.73%)	57 (6.63%)	2.52 (1.93-3.29) 2.12 (1.52-2.98)
	Normal	973,847 (94.13%)	766 (89.07%)	1.0	1.0
	Large	32,488 (3.14%)	37 (4.30%)	1.42 (1.02-1.97) 1.42 (0.95-2.13)
	Fetal distress 3				
	Yes	23,994 (2.32%)	34 (3.95%)	1.76 (1.26-2.45) 1.44 (1.02-2.05)
	No	1,010,633 (97.68%)	826 (96.05%)	1.0	1.0
	Parity				
	1	425,775 (41.15%)	329 (38.26%)	1.0	1.0
	2	365,981 (35.37%)	320 (37.21%)	1.13 (0.97-1.32) 1.14 (0.97-1.34)
	3	171,387 (16.57%)	125 (14.53%)	0.94 (0.77-1.16) 0.89 (0.71-1.11)
	4+	71,484 (6.91%)	86 (10.00%)	1.51 (1.19-1.92) 1.29 (0.99-1.68)
	Abbreviations: CI: Confidence Interval; OR: Odds Ratio				
	1-				

Table 3 :

 3 Association Between Paternal Age and Risk of Autism Maternal age, maternal country of birth, maternal history of psychiatric illness, paternal country of birth, paternal history of psychiatric illness, birth weight, being small/large for gestational age, fetal distress, SES, birth order, and year of birth of the offspring.

		Non-Psychiatrically	Autism	Rate	Unadjusted Model	p-value	Model Adjusted	p-value	Model Adjusted	p-value
		Hospitalized Cohort	Cases		(OR and 95%CI)		for Maternal Age		for All Potential	
		(N=1,034,627)	(N=860)				(OR and 95% CI)		Confounders 1	
									(OR and 95% CI)	
	Paternal Age									
	Group (years)									
	15-29	349,122	245	7.0:10,000	1.00	--	1.00	--	1.00	--
	30-39	588,075	501	8.5:10,000	1.22 (1.05-1.42)	0.01	1.22 (1.03-1.46)	0.023	1.19 (1.00-1.42)	0.05
	40-49	90,009	100	11.1:10,000	1.58 (1.24-2.00)	0.0002	1.58 (1.21-2.09)	0.001	1.42 (1.07-1.87)	0.014
	≥50 #	7,421	14	18.8:10,000	2.66 (1.55-4.58)	0.0004	2.68 (1.53-4.68)	0.0005	2.21 (1.26-3.88)	0.006
	50-54	5,270	6	11.4:10,000	1.60 (0.71-3.63)	0.25	1.61 (0.71-3.76)	0.25	1.34 (0.59-3.05)	0.49
	≥55	2,151	8	37.1:10,000	5.27 (2.60-10.67)	<0.0001	5.30 (2.56-10.97)	<0.0001	4.36 (2.09-9.09)	<0.0001

Abbreviations: CI: Confidence Interval; OR: Odds Ratio 1-Adjusted for: # -Includes older age groups
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