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Abstract

We retrospectively identified autism spectrum disorder (ASD) incident cases among 31,220 

individuals in a population-based birth cohort based on signs and symptoms uniformly abstracted 

from medical and educational records. Inclusive and narrow research definitions of ASD (ASD-RI 

and ASD-RN, respectively) were explored, along with clinical diagnoses of ASD (ASD-C) 

obtained from the records. The incidence of ASD-RI, ASD-RN, and ASD-C increased significantly 

from 1985–1998, then ASD-RI and ASD-RN plateaued while the rate of ASD-C continued to 

increase during 1998–2004. The rising incidence of research-defined ASD may reflect improved 

recognition and documentation of ASD signs and symptoms. Although the frequency of threshold 

ASD symptoms stabilized, the rate of ASD-C continued to increase, narrowing the gap between 

clinical ascertainment and symptom documentation.
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Autism spectrum disorder (ASD) is a clinically and etiologically heterogeneous 

neurodevelopmental disorder characterized by early-onset deficits in social communication 

and interaction and an unusually restricted and repetitive repertoire of behaviors and 

interests (American Psychiatric Association 2013). ASD is associated with substantial health 

loss burden across the lifespan, and an accurate epidemiological description is needed to 

guide public health policy and to stimulate and inform etiologic research (Baxter et al. 2015; 

Christensen et al. 2016). Despite widespread attention to the marked increase in reported 

prevalence of ASD over the last 3 decades, identification and quantification of cases is 

complex and comparisons among existing studies are hampered by differences in study 

design and source populations, so uncertainties about time trends and other important 

aspects of the descriptive epidemiology of ASD persist (Baxter et al. 2015; Jensen et al. 

2014).

In the early 2000s, it became common to use the term “autism spectrum disorders” to 

include the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text 
Revision (DSM-IV-TR) (American Psychiatric Association 2000) diagnostic categories 

autistic disorder (AD), Asperger’s disorder (AS), and pervasive developmental disorder not 

otherwise specified (PDDNOS) (Johnson and Myers 2007; Myers and Johnson 2007). This 

was prompted by research demonstrating that the separate diagnostic categories (AD, AS, 

and PDDNOS) had little scientific justification and were not used reliably, even by experts 

(Lord et al. 2012). Consequently, when the Diagnostic and Statistical Manual of Mental 
Disorders, Fifth Edition (DSM-5) was published in 2013, the DSM-IV-TR diagnostic 

categories AD, AS, childhood disintegrative disorder (CDD), and PDDNOS were replaced 

by a single diagnostic term, ASD (American Psychiatric Association 2000; American 

Psychiatric Association 2013). Throughout this paper, we use ASD to represent, collectively, 

DSM-IV-TR-defined AD, AS, and PDDNOS.

When evaluating the epidemiologic literature, it is important to differentiate between 

incidence, the number of new ASD cases in a population occurring over a defined period of 

time divided by the amount of person-time observed, and prevalence, the proportion of 

individuals with ASD in the population at a given point in time. Incidence studies are 

usually the preferred approach to studying causation (i.e., whether an exposure increases 

disease occurrence) (Pearce 2012). Large, population-based longitudinal birth cohort studies 

are powerful resources for determining incidence rates and evaluating trends over time, 

which is crucial for informing etiologic research (Frost 1939; Liddell 1988; Hennekens and 

Buring 1987a; Katusic et al. 2017). As noted by Jensen and colleagues (Jensen et al. 2014), 

“studies on incidence rates from the same geographical area capture time trends more 

readily than studies reporting prevalence rates.” However, ASD incidence data adequate for 

examining time trends and assessing causation are scarce (Jensen et al. 2014; Raz et al. 

2015; Baxter et al. 2015). Prevalence data, which are useful for identifying and planning for 

educational, social, and medical service needs as well as limited examination of time trends, 
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are more readily available but quite variable in terms of source populations and study 

methods (Baxter et al. 2015; Hennekens and Buring 1987b; Jensen et al. 2014). Recent ASD 

prevalence rates in the United States (US) range from 1.25% in an analysis of a general 

population cohort using a commercial managed health care administrative database (Palmer 

et al. 2017) to 2.0%–2.41% in survey studies that determine prevalence based on parent 

report of ASD diagnosis (Blumberg et al. 2013; Zablotsky et al. 2015; Xu et al. 2018). 

Similarly, recent estimates based on national registry data in Sweden, Denmark, and Iceland 

were also over 1% (Idring et al. 2015; Saemundsen et al. 2013; Atladottir et al. 2015); 

parent-reported prevalence was 2.4% in 2010 and 3.9% in 2014 according to Australian 

surveys (May et al. 2017); and a prospective study from South Korea using active screening 

and follow-up diagnostic assessments yielded an estimated ASD prevalence of 2.64% (Kim 

et al. 2011).

Substantial increases in the estimated prevalence of ASD over the last 3 decades have been 

identified by studies using special education and developmental services administrative data 

(Newschaffer et al. 2005; California Department of Developmental Services 2007; Polyak et 

al. 2015), national family surveys (Schieve et al. 2012; Blumberg et al. 2013; Zablotsky et 

al. 2015; May et al. 2017), active public health surveillance conducted by the Centers for 

Disease Control (CDC) Autism and Developmental Disabilities Monitoring (ADDM) 

Network (Christensen et al. 2016; Baio et al. 2018), and national registries (Hansen et al. 

2015; Isaksen et al. 2012; Saemundsen et al. 2013; Idring et al. 2015; Lundstrom et al. 2015; 

Raz et al. 2015). However, there is controversy about whether the available prevalence data 

actually establish that there has been a true increase in ASD (Brugha et al. 2011; Rice et al. 

2012; Isaksen et al. 2013; Baxter et al. 2015). If there has been an increase in prevalence of 

ASD, it is not clear whether there has been a true secular increase in incidence due to 

etiologic factors in addition to the contribution of non-etiologic factors such as changes in 

identification and diagnostic practices, variation in study methods, and increased public 

awareness and availability of services (Christensen et al. 2016; Rice et al. 2012; Hansen et 

al. 2015; Lundstrom et al. 2015; Baxter et al. 2015).

As a step toward improving the understanding of the epidemiology of ASD, we 

retrospectively identified all incident cases of ASD in a large population-based birth cohort 

of individuals born in Olmsted County, Minnesota, between 1976 and 2000, using 

systematic medical and educational record-based identification of potential ASD (PASD) 

cases followed by detailed record abstraction and application of DSM-IV-TR-based 

operational ASD research criteria. ASD incidence was explored using two research 

definitions: A broader, more inclusive definition encompassing DSM-IV-TR AD, AS, and 

PDDNOS criteria (ASD-RI), and a more narrow, conservative definition based on DSM-IV-

TR AD criteria (ASD-RN). We studied two ASD research definitions with different 

quantitative criterion thresholds for case definition because of the wide spectrum of severity 

among individuals with ASD, known distribution of ASD symptoms throughout the general 

population, and scientifically arbitrary nature of categorical diagnostic thresholds (Clark et 

al. 2017; Constantino 2011; Constantino and Todd 2003; Kamio et al. 2013; Hyman 2010; 

Posserud et al. 2006). The present paper has 2 primary purposes: (1) to provide a detailed 

description of the methods, procedures, and resources used to identify all incident cases of 

broadly and narrowly defined ASD in this well-characterized, longitudinally-followed 
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population-based birth cohort, and (2) to present incidence rates and time trends of research-

defined ASD (ASD-RI and ASD-RN) and clinically diagnosed ASD (ASD-C) by birth year 

and calendar year.

Methods

Study Setting

Olmsted County, Minnesota is 90 miles from any urban center and is home to Mayo Clinic. 

According to U.S. census data in 2000, the Olmsted County population is comparable to the 

U.S. with respect to median age (35.0 years vs. 35.3 years), and male gender (49.1% vs. 

49.1%) (St Sauver et al. 2012a) The Olmsted County population is more racially 

homogeneous than the U.S. (white, 90.3% vs. 75.1%) enabling us to concentrate future 

investigations on other possible risk factors (e.g., biological characteristics, comorbidities, 

socioeconomic status), minimizing potential confounding due to race and ethnicity.

Study Resources

The Rochester Epidemiology Project (REP) medical record linkage system.—
The REP captures longitudinal medical data for virtually all individuals who resided in 

Olmsted County Minnesota from 1966 to the present, regardless of age, sex, disease status, 

socioeconomic status, or insurance status (Rocca et al. 2012; St Sauver et al. 2012b; Melton 

1996).

The REP is widely recognized as a unique resource for conducting population-based 

epidemiologic studies. Every Mayo Clinic patient, since 1907, has been assigned a unique 

identifier. As part of routine medical practice, detailed information from every encounter at 

Mayo Clinic, its two affiliated hospitals in Rochester, Minnesota, and its community practice 

clinics is contained in the patient-based medical record, including clinical documentation 

from primary care, psychiatry, other medical specialty and psychology clinics, emergency 

department visits, hospitalizations, and home visits as well as laboratory, radiology, and 

pathology results, social services reports, correspondence with private tutorial/therapeutic 

facilities, and birth/death certificate data. For persons who were born in Olmsted County, 

these data are available from birth until a patient no longer receives medical care in the 

community. Diagnoses assigned at each encounter are coded and maintained in continuously 

updated electronic files. Under the auspices of the REP, the diagnostic index and record 

linkage was expanded to include information from Olmsted Medical Center and its affiliated 

hospital and branch offices, and private practitioners in the region, beginning in 1966 (Rocca 

et al. 2012; Melton 1996; Kurland et al. 1970). The validity of the REP linkage methods and 

census enumeration are well-established, and many published studies have documented 

reliability and validity of specific variables considered in studies using the REP (Rocca et al. 

2012; St Sauver et al. 2011; St Sauver et al. 2012a).

School Resources.—The Mayo Clinic Institutional Review Board, Independent School 

District (ISD) No. 535 school board, and equivalent authorities governing private schools, 

approved contractual research agreements to allow research team members to access the 

cumulative, richly documented school records of all birth cohort members ever registered at 
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any of the 43 public, parochial, and private schools (including those who subsequently 

moved, graduated, or died) and those who were home schooled. Conditions and procedures 

developed to conduct studies using school records follow Minnesota Law concerning data 

privacy [M.S.13.32,subd.3(f)] and Federal Law concerning disclosure of personally 

identifiable information from educational records without prior consent [(34CFR99.31(a)(6)

(i)(c)]. The cumulative school records include all school assessments, individual/group 

cognitive and achievement test results, Individualized Education Program (IEP) reports and 

long-term outcomes (e.g. dropout, expulsion, absenteeism, graduation status). They also 

include notes related to any type of learning difficulty or performance or behavior concern 

documented by teachers, therapists, school psychologists, physicians, social workers, school 

nurses, counselors, or parents, and correspondence with private tutorial/therapeutic facilities.

Study Population – Olmsted County Birth Cohort

The study population consists of all children born from January 1, 1976 through December 

31, 2000 to mothers who were residents of Olmsted County at the time of the child’s birth 

(N=43,215) (Katusic et al. 2017). Among these 43,215 children, medical record access for 

research purposes was available for 39,890 children, in accordance with Minnesota state 

privacy law, statute 144.335. The target population for this study consists of 31,220 children 

who still lived in Olmsted County at or after 3 years of age, who we longitudinally followed 

from birth until adulthood, emigration, or death using the resources of the REP and ISD 

#535. The cut-off age of 3 years was chosen because the social, communication, and other 

behavioral characteristics of ASD are more consistently recognized at or beyond this age.

Identification of all Autism Spectrum Disorder (ASD) Incident Cases

ASD case status was determined using two operational research definitions, inclusive (ASD-

RI) and narrow (ASD-RN), so that incidence and time trends could be evaluated for each. 

The rigorous epidemiologic approach to identification of all ASD incident cases among the 

31,220 birth cohort children who stayed in Olmsted County after 3 years of age consisted of 

three main steps (Figure 1), involving multiple sources of information from the REP and the 

public and private schools in ISD #535. The first step in identifying ASD incident cases, 

ascertaining individuals with selected relevant neurodevelopmental/psychiatric disorders 
(NPD), was an essential precursor to identifying cases with potential autism spectrum 
disorder (PASD) (second step), from which we then identified ASD incident cases (third 

step). This effort was led by a study team that consisted of a senior child psychologist, two 

developmental pediatricians, a speech/language pathologist, and an MD epidemiologist with 

20 years of expertise in the research of childhood developmental and behavioral disorders.

First Step: Neurodevelopmental/Psychiatric Disorder (NPD) Case Definition 
and Identification—The initial step was to identify conditions with signs and symptoms 

overlapping the core social, communicative, and behavioral features of ASD and those that 

are commonly comorbid, or coexisting, with ASD, which we categorized within six broad 

NPD clusters based on clinical expertise and team consensus (Table 1). Individuals with 

these conditions were ascertained based on diagnostic codes from medical records and 

educational disability classification (EDC) codes from school records (Table 1). The clinical 

diagnoses within the REP from 1976 through 2015 were originally coded using two different 
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coding systems, Hospital Adaption of the International Classification of Diseases, Eighth 
Revision (HICDA) and International Classification of Diseases, Ninth Revision (ICD-9), 

depending on the year of diagnosis and the source. For each of the 31,220 individuals in the 

birth cohort, the study statistician electronically obtained all ICD-9 and HICDA diagnosis 

codes prior to age 21 years from medical records and all EDC codes from educational 

records. This information was consolidated into an individual summary for each individual 

that included a separate line for each unique diagnosis code (and corresponding ICD-9 or 

HICDA text description), in chronological order from birth, along with the first and last date 

and number of times each diagnosis was recorded and the age at which it was first recorded. 

The summary also included the date of birth, date of last visit (whether associated with a 

diagnosis of interest or not), and EDC codes and dates from the school records. Based on 

this detailed information, 4,301 individuals were identified as NPD cases due to having at 

least one diagnosis or EDC code within one or more of the clusters (Table 1, Figure 1). 

Examples of diagnoses and EDC codes that comprise each of the six NPD clusters are 

described in the legend of Table 1. Individuals who only had codes in the neurologic/motor 

cluster were not classified as NPD cases if they did not have diagnoses or EDC codes in any 

of the other NPD clusters. Individuals were then prioritized into one of six NPD profiles 

based on their combination of NPD clusters (see rows of Table 1).

Second Step: Potential ASD (PASD) Case Definition and Identification—From 

the group of individuals with NPD, we identified individuals with “potential ASD” (PASD). 

The PASD group is the population that went on to detailed record abstraction to identify 

research-defined ASD cases. This group represents the pool of patients with developmental 

and behavioral symptoms who present to clinicians for diagnosis and treatment. Using the 

NPD cluster profile data (see First Step) and a priori relative likelihood of harboring true 

ASD cases (determined by clinical expertise), three PASD groups were defined. These 

included two groups that would go directly to full record abstraction based on various 

combinations of diagnoses and EDC codes alone, and one group that required screening of a 

prioritized, relevant subset of records; in the latter case, only those who screened positive 

went on to full record abstraction (Figure 1):

1. PASD-1 group (Figure 1, Online Resource 1; N=242). This group consisted of 

all individuals with diagnoses or EDC codes in the ASD cluster, with or without 

comorbidity in the other NPD clusters, and their medical/school records were 

directly abstracted.

2. PASD-2 group (Figure 1, Online Resource 1; N=903). This group included 

individuals who had diagnoses or EDC codes in three or more different NPD 

clusters and whose medical/school records were directly abstracted.

3. PASD-3 group (Figure 1, Online Resource 1; N=621). In order to identify the 

PASD-3 group, the medical records of the remaining 3,156 individuals who had 

diagnoses or EDC codes in either just one NPD cluster (if that cluster was 

developmental/cognitive or speech/language) or in two NPD clusters were 

screened to identify descriptions of problems that were congruent with ASD 

signs and symptoms specified in DSM-IV-TR. By using a strictly developed 
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protocol for screening of prioritized relevant parts of medical records, two 

subgroups were identified:

a. Those who were positive on screening (Figure 1, Online Resource 1), 

based on having either: (i) at least one social criterion and at least one 

communication or RRB criterion or (ii) two social criteria documented 

in their medical record, were classified into the PASD-3 group 
(N=621) and their medical/school records were abstracted.

b. Those who were negative on screening were classified into the NON-
PASD group (Figure 1, N=2535), and they were excluded from further 

work.

The NPD cluster profiles of the individuals in PASD-1 (N=242), PASD-2 (N=903), and 

PASD-3 (N=621) are summarized in Online Resource 1.

Third Step: Autism Spectrum Disorder (ASD) Incident Case Definition and 
Identification—Medical/school records of all individuals from PASD-1, PASD-2, and 

PASD-3 (N=1,766) were manually reviewed to abstract data through a systematic, multi-

staged process allowing accumulation of all needed information in an established research 

folder for each PASD case. This was achieved by creating a data collection form, training 

data abstractors to follow a detailed protocol for abstraction of data using an extensive Data 

Dictionary (Online Resource 2), and implementing quality control procedures. The Data 

Dictionary was developed by research team members and consisted of relevant descriptive 

phrases found in medical or school records that correspond to 58 social, communication, and 

RRB signs/symptoms contributing to the 12 DSM-IV-TR “A” criteria (Online Resource 3) 

(American Psychiatric Association 2000). The abstractors met weekly with the senior child 

psychologist and with other team members as needed to discuss questions, and the Data 

Dictionary was continuously updated to include additional relevant descriptive phrases. The 

abstractors carefully read all documentation in the pertinent sections of each medical record, 

recorded prior to 21 years of age, to identify descriptive phrases that mapped to any of the 

58 ASD sign/symptom categories in the Data Dictionary. For each subject, the abstractors 

recorded the first and last dates that the signs/symptoms were documented on each subject’s 

data collection form, along with the source (i.e., school or medical records) and who 

observed each problem (e.g., primary care or specialist physician, psychologist, speech-

language pathologist, social worker, teacher, etc.). In addition, the abstractors also recorded 

the dates and scores from individually-administered IQ tests.

The study statistician used the abstracted information and the DSM-IV-TR-based operational 

research criteria (Table 2) to initially identify 1,296 individuals as research-identified ASD 

incident cases. The age at which research diagnostic criteria were met was based on the 

index date, defined as the earliest date when an individual met the minimum research criteria 

for ASD-RI; that is, the earliest date/age at which at least two social criteria and at least one 

communication or RRB criterion had been documented.

The final step in the identification of all ASD incident cases consisted of identifying and 

excluding potential false positives. This work involved manually reviewing the organized 
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detailed information for each of 1,296 initial ASD incident cases using the clinical expertise 

of the research team. For each individual, members of the research team reviewed the 

consolidated summary described in the first step, supplemented with information on 

psychiatric diagnoses (e.g., psychosis, depression, bipolar disorder, etc.) along with the first 

and last date and number of times each diagnosis was recorded and the age at which it was 

first recorded; details of abstracted ASD problems congruent with DSM-IV-TR criteria 

(problem category, age, and who observed the problem); and IQ scores, type of test, and age 

at administration. Based on this information, clinical judgments were made by the research 

team, and individuals whose abstracted signs/symptoms were more clearly the result of 

conditions other than ASD (such as adolescent-onset psychosis, bipolar disorder, or major 

depression) were excluded from ASD incident case group. This final step identified 1,056 

ASD-RI and 533 ASD-RN incident cases in the population-based birth cohort of 31,220 

individuals. These ASD incident cases and the PASD groups from which they were 

identified are specified in Table 3.

To help to control for changes in special education laws and DSM criteria over the nearly 4 

decades of data collected (1976–2015), two procedures were in place: 1) regardless of 

originally assigned medical diagnoses (all diagnoses related to the 6 NPD diagnostic 

clusters) or school handicap codes (from MN Department of Education), ASD signs/

symptoms were uniformly abstracted from medical/school records of all 1,766 PASD cases; 

2) our research criteria for ASD status were uniformly applied to the accumulated abstracted 

data for all 1,766 PASD cases.

Statistical Analysis

Statistical analyses were conducted using R version 3.4.2 (R Core Team 2017). We used a 

log-Gaussian Cox process (Møller et al. 1998) with a Bayesian Smoothing Spline ANOVA 

covariance function (Reich et al. 2009; Storlie et al. 2013) to model the incidence of 

clinically diagnosed ASD (ASD-C) and research-identified ASD (ASD-RI and ASD-RN), 

respectively, prior to 21 years of age across age, birth year and gender. This model adjusts 

for issues such as censoring and imbalance of gender, age, and birth year. The model is fit in 

a Bayesian framework with weak priors using a Markov chain Monte Carlo algorithm to 

approximate the posterior distribution of the incidence curve across birth year, age, and 

gender. Unless stated otherwise, the estimates provided below use the posterior mean as a 

point estimate and 95% credible intervals (CIs) to summarize the uncertainty. A subject’s 

duration of follow-up was calculated from their date of birth until the event date prior to 21 

years of age; otherwise their follow-up was censored at the earliest of either their last 

clinical visit to a REP-affiliated provider prior to December 31, 2015 or their 21st birthday. 

Incidence rates by calendar year are expressed as cases per 1000 person-years and 

cumulative incidence rates by birth year are expressed as cases per 100 individuals. Because 

of birth cohort includes individuals born during 1976 to 2000, the various estimates by 

calendar year are only presented for the period 1985–2004, due to the fact that individuals 

are aging-in and aging-out of the cohort. For example, an estimate of an incidence rate in 

2010 would require a substantial extrapolation since there are no individuals aged 0–9 years 

in this study in the year 2010. The model-based approach does allow for some extrapolation, 

within reason. We settled on 1985–2004 as a good compromise, since in 1985 there are 
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individuals aged 0–10 years in the data, and in 2004, there are individuals aged 4–21 years 

in the data. The peak age of diagnosis in this study occurred at age 6 to 7 years.

Results

Of the 31,220 individuals still in the community after 3 years of age who comprise the study 

cohort, 51.3% were male and 82.6% were Caucasian. Just 14.4% had their last clinical visit 

to a REP-affiliated provider at less than 15 years of age, and 57.9% had clinical follow-up 

beyond 21 years of age. As noted in Figure 1, 1,766 individuals were identified as potential 

ASD (PASD) cases; among them, 1,056 (3.38% of the cohort) met the inclusive research 

criteria for ASD (ASD-RI) and 533 (1.71%) met the narrow research criteria for ASD (ASD-

RN) by age 21 years. In addition, 242 individuals (0.78% of the cohort) had been identified 

clinically as having ASD (ASD-C) based on medical diagnoses and/or educational 

classification; 234 (97%) of the 242 clinically-diagnosed individuals met the inclusive 

research criteria (ASD-RI) and 210 (87%) met the narrow research criteria (ASD-RN). One 

individual had a confirmed diagnosis of Rett syndrome (0.003% of the cohort). 

Demographic and follow-up characteristics of the study cohort are presented in Table 4, 

including the breakdown of race, gender, ASD diagnostic criteria, and age at last follow-up 

for each birth period.

Figure 2(A) presents the incidence of ASD-RI, ASD-RN, and ASD-C (per 1000 person-

years) by calendar year of first meeting criteria, averaged across gender and age (0–21 

years). The solid curves are the respective posterior mean estimates for ASD-RI, ASD-RN 

and ASD-C incidence, while the bands are 95% simultaneous credible bands (CBs). That is, 

95% of curves from the posterior distribution will fall entirely within these bands. These 

CBs can be used to draw statistical inference with respect to trends. If a horizontal line from 

one year to another cannot fit inside the bands, then there is a statistically significant trend 

during that time period. For example, in Figure 2(A), the horizontal line drawn between 

calendar year 1985 and 1995 cannot fit inside of the CBs for ASD-RI. Therefore, we can 

conclude that the incidence of ASD-RI was increasing as a function of calendar year. Similar 

logic allows us to conclude that there is no significant trend in ASD-RI between 1998 and 

2004. However, there was a significant increase in the incidence of clinical diagnosis of 

ASD-C during 1998 to 2004. As presented numerically in Figure 2(C), in 1985, the 

incidence of ASD-C was 0.01 cases/1000 person-years (95% CI: 0.00, 0.02), and the 

incidence of ASD-RI was 0.35 cases/1000 person-years (95% CI: 0.26, 0.47). By 2004, the 

incidence of ASD-C increased to 1.28 cases/1000 person-years (95% CI: 1.02, 1.55), which 

was significantly different from 2000 (0.68 cases/1000 person-years [95% CI: 0.55, 0.83]). 

In contrast, by 2004, the incidence of ASD-RI also increased to 2.39 cases/1000 person-

years [95% CI: 2.05, 2.71], but it was not significantly different from 2000 (2.87 cases/1000 

person-years [95% CI: 2.55, 3.18]).

In Figure 2(B) a similar pattern is evident in the cumulative incidence of ASD-RI, ASD-RN 

and ASD-C by age 21 years, according to birth year, averaged across gender. Specifically, 

there is a significant rise in ASD-RI, ASD-RN, and ASD-C among individuals born between 

1976 and 1993. However, cumulative incidence of ASD-RI and possibly ASD-RN seemingly 

stopped increasing for birth years 1993 onward (i.e., leveling off), whereas the cumulative 
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incidence of ASD-C continued to increase in a statistically significant manner. As 

summarized numerically in Figure 2(D), for individuals born in 1980, the cumulative 

incidence of ASD-C was 0.17% (95% CI: 0.12, 0.26), and the cumulative incidence of ASD-

RI was 1.71% (95% CI: 1.43, 2.07). However, while the cumulative incidence of ASD-C 

increased to 1.60% (95% CI: 1.33, 1.87) and 2.54% (95% CI: 1.88, 3.21) for individuals 

born in 1995 and 2000, respectively, the cumulative incidence of ASD-RI was not 

significantly different for individuals born in 1995 compared to 2000 (5.10% [95% CI: 4.59, 

5.64] and 4.07% [95% CI: 3.26, 4.81]).

The rate ratio (RR) for the incidence of ASD-C relative to ASD-RI and ASD-RN according 

to calendar year is presented in Figure 3(A). Although in calendar year 1998 individuals 

were 87% (RR=0.13) less likely to receive a clinical diagnosis of ASD than meet criteria for 

ASD-RI, individuals were just 44% (RR=0.56) less likely in 2004. In other words, the gap 

between ASD-C and ASD-RI has been narrowing, especially since 1998. Figure 3(B) 

presents the rate ratio (RR) for the cumulative incidence of ASD-C relative to ASD-RI and 

ASD-RN, respectively according to birth year.

Figure 4 depicts the age-specific ASD-RI and ASD-RN incidence (per 1000 person-years) 

for five separate birth periods (averaged across gender); the mean age of meeting criteria for 

each birth period is also summarized within each figure. As shown in Figure 4(A), not only 

has the incidence of ASD-RI increased in the later birth periods, but individuals are 

continually meeting the ASD-RI criteria at a younger age, and thus the mean age of meeting 

the ASD-RI criteria has significantly decreased across the 4 most recent birth periods. 

Similar trends across the birth periods were observed for the age-specific ASD-RN incidence 

(Figure 4(B).

Discussion

Uncertainties about incidence rates, time trends, and other important aspects of the 

epidemiology of ASD persist, due in part to a dearth of large, population-based incidence 

studies in which the same diagnostic criteria are applied uniformly over an extended time 

period. Within a population-based birth cohort of 31,220 individuals who were born in 

Olmsted County, Minnesota between 1976 and 2000 and remained in the community beyond 

3 years of age, we retrospectively identified 1,056 (3.38%) who met inclusive research 

criteria for ASD (ASD-RI; encompassing DSM-IV-TR AD, AS, and PDDNOS criteria) by 

the time they reached 21 years of age, moved out of the community, or died. Included among 

the 1,056 individuals were 533 individuals (1.7%) who met a more narrow, conservative 

research definition of ASD (ASD-RN; based on DSM-IV-TR AD criteria). Record review 

revealed that 242 individuals (0.78% of the study cohort) had been identified clinically as 

having ASD (ASD-C) based on medical diagnosis, educational classification, or both. 

However, these crude frequency rates do not account for duration of follow-up, and 

incidence rates are a more relevant means of examining frequency of occurrence of a disease 

or disorder.
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ASD incidence and time trends

When incidence rates (age 0–21 years, expressed per 1000 person-years) are evaluated by 

calendar year in which diagnostic criteria were met, it is evident that ASD-RI, ASD-RN, and 

clinically-diagnosed ASD (ASD-C) increased significantly between 1985 and 1998, then the 

incidence of ASD-RI and ASD-RN began to plateau while ASD-C continued to increase 

between 1998 and 2004 (Figure 2A). This resulted in a reduction of the discrepancy between 

research-defined ASD and clinically diagnosed ASD incidence rates over time (Figure 3). A 

similar pattern is observed when cumulative incidence to age 21 years is examined 

according to birth year. For conditions in which the diagnosis tends to be stable and the 

mortality rate is low, such as ASD, prevalence and cumulative incidence measures are 

virtually identical over a defined time or age period, so the two measures are comparable 

across studies if matched appropriately(Rice et al. 2012). The cumulative incidence of ASD-

RI, ASD-RN, and ASD-C increased significantly among individuals born between 1976 and 

1993 (Figure 2(B)), followed by stabilization of the rates of ASD-RI and ASD-RN among 

individuals born from 1993 through 2000, while the cumulative incidence of ASD-C 

continued to increase significantly. We performed a sensitivity analysis restricting follow-up 

to prior to age 15. Thus, all subjects, including the individuals born in 2000, had the 

opportunity for a full 15 years of follow-up, and the pattern of increasing incidence followed 

by stabilization was the same (Online Resource 4).

The pattern of rising ASD occurrence followed by leveling-off has also been observed in 

several studies of ASD frequency among 8-year-old children (Christensen et al. 2016; Raz et 

al. 2015; Taylor et al. 2013). For example, an Israeli study utilizing a comprehensive 

national database demonstrated a rise in ASD prevalence from 2000 to 2012 (birth years 

1992–2004), followed by apparent stabilization (Raz et al. 2015). Similarly, the CDC 

ADDM Network reported a rise in ASD prevalence in each 2-year period from 2000 to 

2010, but no change between 2010 and 2012 for the 8 sites (representing 78% of the total 

study population) that submitted methodologically comparable data for both surveillance 

years (Christensen et al. 2016). However, this apparent plateau may not have continued 

through 2014, since there was a statistically significant increase in estimated ASD 

prevalence from 2012 (1.75%) to 2014 (2.0%) in the 4 ADDM Network sites with 

methodologically comparable data from those surveillance years (Baio et al. 2018). Whether 

these 4 sites, which represented 35% of the total study population for 2012 and 2014 and 

reported higher ASD prevalence (1.75 % in 2012 and 2.0% in 2014) than the other 7 sites 

(1.36% in 2012 and 1.6% in 2014), are representative enough of the total study population to 

conclude that there was an overall increase among the 11 sites is unclear. Another study, 

conducted in the UK, found an earlier plateau in annual incidence of ASD; after rising 

sharply during the 1990s, steady state was reached in the early 2000s and maintained 

through 2010 (Taylor et al. 2013). In the present study (Online Resource 5), cumulative 

incidence to age 8 years of research-defined ASD (ASD-RI and ASD-RN) followed a pattern 

similar to cumulative incidence to age 21 years, increasing throughout the 1980s and early 

1990s and then leveling off for the 1993–2000 birth year groups (i.e., prevalence among 8-

year-olds began to level off around calendar year 2001, about a decade earlier than the 

plateau in the US and Israeli studies but very similar to the UK study).
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The rising incidence of research-defined ASD may reflect improved recognition and 

documentation of ASD signs and symptoms due to increased public and professional 

awareness (Keyes et al. 2012; Idring et al. 2015; Liu et al. 2010), until a plateau was reached 

beginning in 1998. Although the occurrence of ASD symptoms, as determined by meeting 

ASD-RI or ASD-RN criteria, was stable from 1998–2004, the rate of clinical diagnosis 

continued to increase, narrowing the gap between clinical ascertainment and symptom 

documentation (Figures 2 and 3). Stability of ASD symptoms during a period of increasing 

clinical diagnosis of ASD was also observed in a large Swedish population over a 10-year 

period from 1993–2002 (Lundstrom et al. 2015). In addition, several studies have provided 

evidence that a shift over time toward diagnosing ASD in individuals with less severe 

symptoms has contributed to the increasing prevalence of ASD (Keyes et al. 2012; 

Whitehouse et al. 2017; May et al. 2017). This type of temporal change in the threshold at 

which clinicians make a diagnosis provides one explanation of how the rate of ASD-C could 

increase in the absence of evidence of a change in the frequency of symptoms during the 

same period of time. The absence of a significant increase in ASD symptoms sufficient to 

meet ASD-RI or ASD-RN during the late 1990s and early 2000s (Figure 2(A) and 2(B)) does 

not support the hypothesis that there was a secular increase in the rate of ASD phenotype 

during that time period, despite the increasing rate of clinical diagnosis. Instead, our findings 

are more consistent with the other studies described, which suggest a shift in diagnostic 

threshold resulting in a continued rise in clinical diagnosis despite unchanging frequency of 

documented signs and symptoms.

Professional and public awareness of ASD increased dramatically during the study period. 

For example, from 1980–2010 there was a 12-fold increase in the number of annual ASD 

research publications, with a rapid increase beginning in 2000 and a growth rate far greater 

than that for comparable research areas (Office of Autism Research Coordination (OARC)). 

The impact of social influences such as increased awareness of ASD and availability of 

diagnostic resources is apparent not only in general incidence and prevalence studies, but 

also in studies of spatial variation; much of the geographic variation in ASD occurrence is 

explained by these factors, and not by risk factors such as maternal age, birth year, sex, 

community income, or prenatal exposure to air pollutants (Hoffman et al. 2017; Keyes et al. 

2012; Liu et al. 2010; Mazumdar et al. 2013; Wing and Potter 2002).

It is possible that the introduction of autism to the DSM in 1980 (DSM-III), substantial 

changes in the DSM diagnostic criteria in 1987 (DSM-III-R), 1994 (DSM-IV), and 2013 

(DSM-5), and perhaps even minor changes in 2000 (DSM-IV-TR), contributed significantly 

to changes in prevalence by influencing clinical documentation of symptoms. There is 

evidence, for example, that changes in diagnostic criteria and practices contributed 

substantially to increases in ASD prevalence in Denmark and Australia based on registry and 

administrative data (Bent et al. 2017; Hansen et al. 2015; Nassar et al. 2009). The DSM-III-

R (1987) and DSM-IV (1994) definitions were more inclusive than that of DSM-III (1980) 

and allowed increased diagnostic flexibility, whereas the DSM-5 (2013) definition is less 

inclusive and represents a move toward a more rigorous definition with higher specificity 

(Baker 2013; Smith et al. 2015). However, any potential impact of DSM criteria changes on 

clinical documentation of symptoms in the present study is speculative. It is difficult to 

quantify the precise magnitude and timing of the impact of changes in diagnostic criteria on 
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diagnosis or clinical documentation of symptoms due to variation in timing of professional 

awareness and clinical uptake as well as potential confounding factors such as concurrent 

legislation, professional training initiatives, and public awareness campaigns that may also 

have contributed to increased awareness and changes in documentation (DeVilbiss and Lee 

2014; Hansen et al. 2015; Park et al. 2016). For example, in addition to acute effects, 

changes in DSM diagnostic criteria might have led to gradual changes due to growing 

awareness of signs and symptoms of ASD among clinicians or orientation of standardized 

rating scales and diagnostic instruments to the new criteria, in which case the temporal lag 

between the criteria changes and associated changes in ASD diagnosis might make 

associations difficult or impossible to identify (Smith et al. 2015; Hansen et al. 2015).

Age at which diagnostic criteria were first met

As ASD symptom documentation and clinical diagnosis of ASD increased, the mean age at 

which ASD-RI and ASD-RN were met declined significantly, which is consistent with other 

studies demonstrating a decrease in the mean age at which ASD is diagnosed (Baio et al. 

2018; Jensen et al. 2014; Christensen et al. 2016; Raz et al. 2015). It is likely that increased 

parent and professional awareness was responsible for more frequent and earlier recognition 

and documentation of ASD symptoms.

Comparison of ASD-C to other studies using passive case ascertainment

Methodological differences allow only limited comparison of our data to previously 

published studies, since incidence data from large, population-based birth cohorts with 

active case ascertainment across a broad age range over several decades are not available. 

Studies that are available for comparison vary widely in case-finding methods, ages 

included, and source populations. Registry-based studies and other study designs that rely on 

passive ascertainment of clinically-diagnosed individuals are generally assumed to provide 

conservative, or lower-limit, estimates of occurrence (Rice et al. 2012; Jensen et al. 2014; 

Baxter et al. 2015), and are most comparable to our ASD-C group, which represents a 

retrospectively ascertained registry of individuals in the birth cohort who had received a 

medical diagnosis and/or educational classification of ASD. The frequency of clinical ASD 

classification (ASD-C) in our cohort increased throughout the study period, confirming the 

reports of increased prevalence from other registry and service database studies (Atladottir et 

al. 2015; Davidovitch et al. 2013; Hansen et al. 2015; Jensen et al. 2014; Keyes et al. 2012; 

Lundstrom et al. 2015). Because the result of the analysis is an estimate of the incidence 

curve as a function of birth year, age, and gender, we can convert this result as needed for 

direct comparison to various estimates of other quantities reported from other studies using 

different cohorts. For example, the cumulative incidence rates of ASD-C through 2011 for 

four 3-year birth cohorts (1.09% for birth years 1990–1992, 1.37% for 1993–1995, 1.61% 

for 1996–1998, and 1.75% for 1999–2000) in Olmsted county were similar to prevalence 

rates in Denmark for the same birth year groups (1.09%, 1.51%, 1.47%, and 1.36%), 

whereas corresponding prevalence rates in Finland, Sweden, and Western Australia were 

somewhat lower, particularly in the later birth-year cohorts (Online Resource 6) (Atladottir 

et al. 2015). The annual incidence rates (age 0–8 years) of ASD-C in our cohort were 2- to 

3-times those in the UK General Practice Research Database for each year between 2004 

and 2010, and the cumulative incidence rates through age 8 years (i.e., the prevalence among 
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8-year-olds) were 4- to 6.5-times the comparable UK registry prevalence rates (Online 

Resource 7) (Taylor et al. 2013).

Active case ascertainment: ASD-RI and ASD-RN

Clearly, more individuals met criteria for ASD based on symptoms uniformly abstracted 

from records (ASD-RI, ASD-RN) than were clinically diagnosed (ASD-C) (Figure 2(A) and 

2(B)). For example, the average cumulative incidence of ASD by age 21 years among 

individuals born in the youngest 5-year birth cohort group (born 1996–2000) was 4.6% 

using the inclusive research definition, 3.0% using the narrow research definition, and 2.1% 

based on clinical diagnosis. This is consistent with the fact that studies that utilize active 

case ascertainment typically find higher rates of ASD than those involving passive case 

ascertainment (Kim et al. 2011; Rice et al. 2012; Blumberg et al. 2013; Zablotsky et al. 

2015; Baxter et al. 2015; Christensen et al. 2016; Baio et al. 2018). Our protocol for active 

retrospective ascertainment of ASD cases included a broader, more inclusive case definition 

(ASD-RI) and a more narrow, conservative case definition (ASD-RN), reflecting other 

research showing that ASD traits vary widely in severity and are distributed throughout the 

general population (Constantino 2011; Constantino and Todd 2003; Posserud et al. 2006; 

Kamio et al. 2013), and acknowledging the scientifically arbitrary nature of categorical 

diagnostic thresholds (Clark et al. 2017; Hyman 2010). These research definitions of ASD 

represent compilations of core signs and symptoms derived from 12 DSM-IV-TR core 

criteria (American Psychiatric Association 2000). ASD-RN is based on the AD definition 

and therefore requires a minimum of 6 criteria from 3 categories (including at least 2 social, 

1 communication, and 1 RRB), whereas ASD-RI is designed to encompass AS and 

PDDNOS as well as AD, so a minimum of 3 criteria are required (2 social and 1 either 

communication or RRB). The research-defined ASD incidence estimates, therefore, reflect 

two different semi-quantitative thresholds for case definition based on ASD signs and 

symptoms and, necessarily, the rates are higher when the lower threshold is used to define a 

case (ASD-RI). ASD-RI and ASD-RN could be viewed as upper and lower limit estimates, 

respectively, of the true ASD incidence range.

Comparison of ASD-RI and ASD-RN to other studies using active case ascertainment

Our research-defined ASD (ASD-RI and ASD-RN) cumulative incidence data can be 

compared to some degree with data from prevalence studies utilizing various types of active 

case ascertainment. For example, the CDC ADDM Network active surveillance system also 

utilizes review of medical records at all sites (though the sources are limited to health care 

providers who evaluate and treat children with developmental disabilities) and educational 

records at some, but not all, sites (Christensen et al. 2016; Baio et al. 2018). As 

demonstrated in Table 5, our cumulative ASD incidence estimates through age 8 years (i.e., 

prevalence among 8-year-olds) and the CDC ADDM Network estimates of ASD prevalence 

in 8-year-old children (Christensen et al. 2016; Baio et al. 2018) can be directly compared 

for surveillance years 2000–2008 (birth years 1992–2000). The CDC ADDM Network ASD 

prevalence rates are similar to the ASD-C rates from our study (e.g., 95% CIs from our study 

overlap with the ranges across sites provided by CDC) and both CDC ASD and Olmsted 

county ASD-C prevalence rates increased throughout the overlapping surveillance years. 

Although the prevalence rates of ASD-RI and ASD-RN in our cohort are much higher than 
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the overall CDC ASD prevalence rates through the same birth years, our ASD-RI prevalence 

rate for 2008 is comparable to the CDC site with the highest prevalence rate (2.46% versus 

2.12%), and our ASD-RI and ASD-RN prevalence rates have leveled off in the more recent 

periods (Christensen et al. 2016). The differences may be attributable to methodological 

issues involving case ascertainment, comprehensiveness of available records, data 

abstraction strategies, and perhaps differences in community access to diagnosticians. In 

contrast, our estimates of cumulative incidence through age 5 years among children born in 

1994–1996 were generally lower than those obtained in a Japanese study using a prospective 

two-stage screening-confirmation approach (Kawamura et al. 2008) (Online Resource 8). 

However, our ASD-RI and ASD-RN estimates are close to those obtained in a South Korean 

study involving prospective ascertainment of cases via population-based screening over a 1-

year period in 2005/2006 followed by diagnostic evaluation of screen-positive cases (also a 

two-stage screening-confirmation approach), which estimated the prevalence of ASD among 

7- to 12-year-old children to be 2.64% (95% CI 1.91, 3.37) (Kim et al. 2011). Our 

corresponding estimates of prevalence among 7- to 12-year-old children in 2005 are taken to 

be the average of the corresponding cumulative incidence rates for children in the same age 

range (i.e., birth years 1993–1998, through ages 7 to 12 years): 3.10% for ASD-RI (95% CI 

2.85, 3.35), 1.81% for ASD-RN (95% CI 1.60, 2.00), and 0.84% for ASD-C (95% CI 0.72, 

0.96). Notably, the 95% confidence intervals for ASD-RI and ASD-RN overlap with those 

found by Kim et al (Kim et al. 2011).

Study Strengths

Methodology is fundamentally important in determining ASD incidence and prevalence 

estimates (Baxter et al. 2015; Kim et al. 2011; Fombonne 2009). Despite the retrospective 

nature of our study, there are substantial methodological strengths, including the unique 

large, population-based birth cohort, active case ascertainment across a broad age range, 

uniform application of the same DSM-IV-TR-based operational research diagnostic criteria 

throughout the entire study period, availability of comprehensive medical and educational 

records, and longitudinal follow-up over many years, all of which have been emphasized as 

desirable features for studies of the epidemiology of ASD (Yeargin-Allsopp et al. 2008; 

Fombonne 2009; Kim et al. 2011; Baxter et al. 2015). Although the detailed abstraction of 

signs and symptoms from medical and educational records is laborious, our retrospective, 

record-based study design avoids the incomplete population screening coverage and low 

rates of participation in diagnostic evaluation of screen-positive cases that are potential 

limitations of active two-stage screening-confirmation approaches (Kim et al. 2011; 

Elsabbagh et al. 2012; Idring et al. 2015). Because this is an incidence study, the data are 

appropriate for evaluating time trends and informing etiologic research, including 

identification of potentially modifiable risk factors (Hennekens and Buring 1987b; 

Elsabbagh et al. 2012). It is difficult to interpret changes over time in ASD incidence and 

prevalence estimates from studies that rely on case registries or other administrative data, 

since increased rates would be expected in association with broadening of case definition in 

clinical care and/or improvements in case ascertainment. In this study, we were able to 

minimize the impact of changes in case-finding and clinical broadening of case definition 

over time by using the same multi-source case ascertainment methodology and uniformly 

applying the same ASD research definitions (ASD-RI and ASD-RN) to abstracted signs and 

Myers et al. Page 15

J Autism Dev Disord. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



symptoms throughout the study period. Clinical diagnosis rates (ASD-C), but not ASD-RI or 

ASD-RN, could be impacted by diagnostic substitution, which is diagnostic recategorization 

toward ASD and away from other diagnoses (e.g., intellectual disability or language 

disorder) when ASD became increasingly familiar to health care and education professionals 

and/or when access to better services was facilitated by having the ASD diagnosis 

(Elsabbagh et al. 2012; Bishop et al. 2008; Coo et al. 2008; Miller et al. 2013; Polyak et al. 

2015).

Study Limitations

Several limitations of the present study also merit discussion. Because the study was 

designed and initiated prior to publication of DSM-5, the research definitions represent 

operationalized DSM-IV-TR criteria. However, this is advantageous for comparison to the 

vast majority of published epidemiological studies of ASD, which also used DSM-IV-TR 

criteria. Although fewer people meet DSM-5 ASD diagnostic criteria than DSM-IV-TR 

criteria, the symptom profiles of individuals who meet DSM-5 criteria and those who meet 

DSM-IV-TR criteria (but not DSM-5 criteria) are very similar (Beighley and Matson 2014; 

Beighley et al. 2013), and many studies suggest a high rate of agreement between the 2 sets 

of criteria (Bennett and Goodall 2016; Kim et al. 2014). For example, 81% of 6,577 8-year-

old children meeting ADDM Network ASD criteria based on DSM-IV-TR also met DSM-5 

criteria (Maenner et al. 2014). ASD case definition was based on retrospective record review, 

without direct assessment of participants by the study team to establish diagnostic validity. 

Loss of study individuals because of emigration before 3 years of age is a potential source of 

bias. Although we cannot exclude this possibility, potential migration bias was evaluated in a 

previous Olmsted County birth cohort study of the epidemiology of learning disabilities, and 

it was determined that in the context of the large number of children who remained in the 

community, the slight differences between migrants and non-migrants were unlikely to 

compromise the study findings (Katusic et al. 1998).

Due to the retrospective nature of the study, first-level screening for ASD risk was based on 

diagnoses and educational classifications, and it is possible that some ASD cases could have 

been missed because they never received any of the various medical diagnoses or 

educational exceptionality descriptions that were used to identify potential ASD cases. 

However, the likelihood of this occurring was minimized by using complementary medical 

and educational records and including not only autism-related diagnoses (e.g., AD, AS, and 

PDDNOS), but also those with substantial overlapping symptoms, such as intellectual 

disability, language disorders, obsessive-compulsive disorder, childhood psychoses, and 

ADHD, to establish the broad neurodevelopmental/psychiatric disorder (NPD) clusters in 

the first step of case ascertainment (Table 1). Failure to abstract meaningful ASD signs and 

symptoms from records could also result in missed cases. This possibility was minimized by 

extensive training of the research assistants who performed record abstraction and use of 

precisely defined, DSM-IV-TR-based operational research criteria and an extensive Data 

Dictionary of pertinent descriptive phrases. The record abstraction process, creation of the 

Data Dictionary, and training of research assistants were informed by our experience 

conducting previous retrospective, population-based studies on Olmsted County cohorts 

Myers et al. Page 16

J Autism Dev Disord. Author manuscript; available in PMC 2020 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



using educational and medical records (Katusic et al. 2001; Barbaresi et al. 2002; Barbaresi 

et al. 2005).

A retrospective, record-based approach also has the potential to over identify ASD cases. 

Abstraction from records emphasizes the accumulation of signs and symptoms of ASD, 

whereas the process of clinical diagnosis involves taking into consideration other factors, 

such as contradictory information or the situational nature of a particular symptom, when 

determining whether a clinical feature should count toward meeting diagnostic criteria. The 

potential impact of this phenomenon was minimized by certain features of the abstraction 

process. For example, when a symptom or sign was identified, the record was searched for 

additional occurrences and contradictory information and situational qualifiers were noted; 

when there was any question about the validity of the sign/symptom as a contributor to the 

ASD criterion, it was brought to the full research team for review. This is an advantage of 

our manual abstraction protocol relative to the use of automated algorithms to identify ASD 

cohorts based on text extracted from electronic health records using natural language 

processing systems (Lingren et al. 2016). In addition, final manual review of the 

consolidated summary for each subject prior to diagnostic categorization identified 

individuals whose abstracted ASD signs and/symptoms were clearly the result of conditions 

other than ASD (such as psychosis, bipolar disorder, or major depression), and these 

individuals were excluded as false positives (as described in Methods). Finally, the incidence 

of ASD-RN, which can be viewed as a lower-limit estimate of ASD incidence, is unlikely to 

be impacted substantially by “over calling,” since the vast majority of individuals meeting 6 

or more criteria would still meet 3 or more criteria even if 1 or 2 were incorrect.

Uncertainty associated with assigning the age of onset is another limitation inherent to the 

retrospective nature of the study. However, establishing the age of onset is challenging with 

other study designs as well, since there is substantial overlap of symptoms with other 

developmental disabilities, especially in very young children. Although uncertainty 

associated with age of onset impacts estimates of annual incidence, the cumulative incidence 

calculations, particularly those through age 21 years, are not substantially affected. Finally, 

according to 2000 census data, the population of Olmsted County is more racially 

homogeneous (white, 90.3% vs. 75.1%), wealthier (median household income, $51,316 vs. 

$41,994), and more highly educated (high school graduates, 91.1% vs. 80.4%) than the 

general US population, which may limit generalizability of the findings (St Sauver et al. 

2012a). Epidemiological findings from any single geographic population must be interpreted 

in the context of available data from other populations, and extrapolations and 

generalizations must be judged on a study-by-study basis, considering demographic 

variables relevant to the study question. However, results from epidemiological studies in 

Olmsted County have generally been consistent with national data when national data are 

available (St Sauver et al. 2012a).

Conclusions

Currently, the most comprehensive view of the frequency of occurrence of ASD and how it 

has changed over time comes from consideration of a variety of study types and the relative 

strengths and weaknesses of each. This retrospective, record-based study adds incidence data 
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from a large, population-based birth cohort with active case ascertainment across a broad 

age range over almost 4 decades. Two different thresholds for symptom-based ASD case 

definition were employed to reflect the continuous distribution of autistic traits within the 

population and allow examination of time trends in incidence for both broadly- and 

narrowly-defined ASD. Although it is likely that the observed increase in the incidence of 

research-defined ASD is due to increased public and professional awareness and 

identification of ASD symptoms, we cannot exclude the possibility of a secular increase in 

incidence prior to 1998. However, despite widespread concern about an “epidemic” of ASD, 

the lack of change in the frequency of threshold ASD signs and symptoms in the late 1990s 

and early 2000s is not consistent with a true secular increase in ASD during that period of 

time.
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Fig. 1. 
Steps in identifying ASD incident cases.
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Fig. 2. 
(A) Incidence by age 21 (per 1000 person-years) of research-identified inclusive (ASD-RI) 

and narrow (ASD-RN) autism spectrum disorder and clinically diagnosed autism spectrum 

disorder (ASD-C), according to calendar year of first meeting criteria and averaged across 

gender. See body of text in the Results section for explanation of the horizontal dotted lines 

used to draw statistical inference with respect to trends. (B) Cumulative incidence by age 21 

(×100) of research-identified autism spectrum disorder (ASD-RI and ASD-RN) and 

clinically diagnosed autism spectrum disorder (ASD-C), according to birth year and 

averaged across gender. The solid curves for both (A) and (B) are the respective posterior 

mean estimates for ASD-RI, ASD-RN and ASD-C incidence, while the bands are 95% 

simultaneous credible bands; 95% of curves from the posterior distribution will fall entirely 

within these bands. (C) Numerical data corresponding to (A). (D) Numerical data 

corresponding to (B).
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Fig. 3. 
(A) Rate ratio of ASD-C incidence to ASD-RI and ASD-RN incidence, respectively, 

according to calendar year. (B) Rate ratio of ASD-C cumulative incidence to ASD-RI and 

ASD-RN cumulative incidence, respectively, according to birth year. The solid curves are the 

respective posterior mean estimates for ASD-RI and ASD-RN incidence, while the bands are 

95% simultaneous credible bands; 95% of curves from the posterior distribution will fall 

entirely within these bands.
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Fig. 4. 
The age-specific incidence per 1,000 person-years for five separate birth periods (averaged 

across calendar year) for (A) ASD-RI and (B) ASD-RN. The solid curves are the respective 

posterior mean estimates for ASD-RI and ASD-RN incidence, while the bands are 95% 

simultaneous credible bands; 95% of curves from the posterior distribution will fall entirely 

within these bands.
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Table 1

Neurodevelopmental/psychiatric disorder (NPD)
a
 cases (N=4,301) within the population-based birth cohort 

(N=31,220)

NPD hierarchical profiles
c

NPD Clusters
b

ASD
d

ChildhoodPsychosis
e

Develop-mental/Cognitive
f

Speech/Language
g

Non-Psychosis/Childhood Psychiatric
h

Neurologic/Motor
i

N=4,301

Other:
- anxiety
- oppositional/
conduct
- self-injurious

ADHD

ASD
d
 N= 242

Childhood Psychosis
e
 N= 41

Developmental/Cognitive
f
 N=1,863

Speech/Language
g
 N=905

Non-Psychosis/Childhood Psychiatric
h

Other N=1,018

ADHD N=232

a
Selective and relevant group of NPDs among whom all potential autism spectrum disorder (PASD) cases are identified. (See Figure 1).

b
The NPD clusters were defined from clinical diagnoses from the medical record and the corresponding educational disability classification (EDC) 

codes from the school records. These clusters were determined by consensus among members of research team (psychologist, two developmental 
pediatricians, speech/language pathologist, MD epidemiologist).

c
Individuals in each row have a diagnosis and/or EDC code in the NPD cluster with the solid black box with or without one or more of comorbid 

NPD clusters presented by gray boxes in corresponding row. Individuals with only Neuro/Motor clusters were not included as NPD cases. Rows 
were organized according to highest priority (i.e., significance) in identification of PASD.

d
ASD Cluster consisted of the EDC code for ASD along with ASD related diagnoses, for example: Autistic Disorder, Early Infantile Autism, 

Infantile Autism, PDDNOS, Autism Spectrum Disorders, Asperger’s Syndrome.

e
Childhood Psychosis Cluster included diagnoses such as childhood schizophrenia, childhood psychosis, and disintegrative psychosis.

f
Developmental/Cognitive Cluster included the EDC codes for developmental cognitive disabilities and developmental delay and diagnoses such as 

mental retardation/intellectual disability, borderline mental retardation/borderline intelligence, and delayed development.

g
Speech/Language Cluster consisted of the EDC code for speech/language impaired and diagnoses such as autistic speech, telegraphic speech, 

echolalia, and mixed receptive-expressive language disorder.

h
Non-Psychosis Childhood Psychiatric Cluster consisted of the EDC code for emotional/behavioral disorder and diagnoses such as attention-deficit 

hyperactivity disorder, hyperkinetic conduct disorder of childhood, obsessive-compulsive disorder, unspecified disturbance of conduct, oppositional 
disorder of childhood, self-injurious behavior, and anxiety disorders.

i
Neurologic/Motor Cluster included the EDC code for physically impaired and traumatic brain injury disabled and diagnoses such as epilepsy, 

seizure disorder.
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Table 2

Operational research definitions of ASD based on DSM-IV-TR
a
 criteria

ASD-RI
c

ASD-RN
d

Total # of criteria met
b ≥3 ≥6

Minimum # of criteria met from each of 3 categories
b
:

 Social interaction at least 2 at least 2

 Communication at least 1 at least 1

or and

 Restricted, repetitive behavior at least 1 at least 1

Exclusionary diagnoses
e
:

CDD
Rett’s disorder

CDD
Rett’s disorder

Abbreviations: ASD: Autism spectrum disorder; ASD-RI: Research-defined ASD, inclusive criteria; ASD-RN: Research-defined ASD, narrow 

criteria; CDD: Childhood disintegrative disorder.

a
Due to retrospective nature of the data, which does not allow questioning the caregiver about the timing of symptom onset, the DSM-IV-TR age of 

onset (<3 years) criterion was not included.

b
Criteria determination is based on problems abstracted from medical and educational records, representing 58 groups of signs and symptoms of 

ASD that map to 12 distinct DSM-IV-TR criteria (4 social interaction, 4 communication, and 4 restricted, repetitive behavior) (Online Resource 3).

c
ASD-RI: The inclusive research definition of ASD (ASD-RI), which encompasses the DSM-IV-TR autistic disorder (AD), Asperger’s disorder 

(AS), and pervasive developmental disorder not otherwise specified (PDDNOS) diagnostic categories, is based on the criteria for PDDNOS, which 
required “severe and pervasive impairment in the development of reciprocal social interaction associated with impairment in either verbal or 
nonverbal communication skills or with the presence of stereotyped behavior, interests, and activities…” (American Psychiatric Association, 2000). 
We operationalized “severe and pervasive impairment in the development of reciprocal social interaction” as meeting 2 of the 4 social interaction 
criteria (also required for AD and AS). Additionally, the definition requires meeting at least 1 of the communication criteria or 1 of the restricted, 
repetitive behavior criteria.

d
ASD-RN: A subset of individuals with ASD-RI also meet stricter, more narrow research criteria (ASD-RN) based on the DSM-IV-TR criteria for 

AD (a total of at least 6 criteria met, including at least 2/4 social interaction criteria, 1/4 communication criteria, and 1/4 restricted, repetitive 
behavior criteria).

e
Exclusionary diagnoses were identified by diagnostic codes and confirmed by expert review of the records.
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Table 3

Research-defined ASD
a
 incident cases according to PASD

b
 group

Research-Defined ASD PASD
b
 Group PASD-1, -2, or -3

N (% of 1766)
PASD-1

N (% of 242)
PASD-2

N (% of 903)
PASD-3

N (% of 621)

Met ASD-RI
c
 criteria

234 (96.7%) 582 (64.5%) 240 (38.6%) 1056 (59.8%)

Met ASD-RN
d
 criteria

210 (86.8%) 267(29.6%) 56 (9.0%) 533 (30.2%)

a
ASD: Autism spectrum disorder

b
PASD: Potential ASD individuals (see Figure 1), among whom research-defined ASD incident cases were identified

c
ASD-RI: Research-defined ASD, (inclusive criteria; see Table 2)

d
ASD-RN: Research-defined ASD (subset of ASD-RI who met narrow criteria; see Table 2)
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Table 5

ASD prevalence rate among 8-year-olds reported by the CDC ADDM Network along with the estimated 

prevalence rate of ASD-RI, ASD-RN, and ASD-C among 8-year-olds from the same birth years in our cohort

Birth year Surveillance year CDC prevalence (range)
a ASD-C prevalence 

(95% CI)
b

ASD-RN prevalence 

(95% CI)
c

ASD-RI prevalence 

(95% CI)
c

1992 2000 0.67 (0.45, 0.99) 0.43 (0.32, 0.54) 1.39 (1.16, 1.66) 2.57 (2.26, 2.91)

1994 2002 0.66 (0.33, 1.06) 0.61 (0.47, 0.76) 1.65 (1.35, 1.91) 2.90 (2.57, 3.29)

1996 2004 0.80 (0.46, 0.98) 0.90 (0.72, 1.09) 1.92 (1.52, 2.30) 3.01 (2.66, 3.48)

1998 2006 0.90 (0.42, 1.21) 1.21 (0.93, 1.49) 2.14 (1.57, 2.59) 2.82 (2.39, 3.23)

2000 2008 1.13 (0.48, 2.12) 1.44 (1.09, 1.82) 2.29 (1.56, 2.96) 2.46 (1.98, 2.89)

2002 2010 1.47 (0.57, 2.19)

2004 2012 1.46 (0.82, 2.46)

2006 2014 1.68 (1.31–2.93)

Abbreviations: ASD: Autism Spectrum Disorder; CDC: Centers for Disease Control; ADDM: Autism and Developmental Disabilities Monitoring; 
ASD-C: clinically-diagnosed ASD; ASD-R: research-defined ASD (narrow and inclusive)

a
Average of the CDC ADDM Network ASD prevalence estimates (per 100 children) at different ADDM network sites. Range for CDC estimates 

represents the range the CDC prevalence at different ADDM network sites (Christensen et al. 2016).

b
ASD-C: prevalence estimates per 100 children for clinically diagnosed ASD; 95% CI for the ASD-C is 95% a credible interval for the ASD-C 

prevalence.

c
ASD-RN and ASD-RI: research-defined ASD (narrow and inclusive, respectively); 95% CIs for the ASD-RI and ASD-RN are 95% credible 

intervals for the ASD-RI and ASD-RN prevalences, respectively.
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