
Supplementary Note 
Ascertainment of subjects. 
We developed an epidemiological sample of autistic disorder taking advantage of the 
detailed birth and medical registries and universal access to health care. Cases with 
autistic disorder (Swedish ICD9-codes: 299A or ICD-10 codes: F84.0–F84.1) were 
identified from the Swedish National Patient Register. As of May 2011 there were 7,290 
cases who were 10 years or older. Note that there are no major differences in the 
population and samples underlying the Swedish family study (described in the Main 
Text) and PAGES. Both access children born in Sweden and use the same case 
ascertainment scheme to identify autistic individuals. The family study includes all 
subjects born in Sweden between 1982 and 2007, the PAGES sampling frame includes 
these subjects and also allows recruitment of subjects born as early as 1960, although 
there are currently few of these older subjects in the sample. Methodologically the family 
study adjusted for differences in prevalence over time to calculate heritability over 
different birth cohorts, but this time component had little impact on relative recurrence 
risk. At the present time PAGES samples from most counties in Sweden, whereas the 
family study encompassed all of them. There is no reason to expect that this difference 
would bias the sources of risk explaining autism diagnosis. 
To validate the registry-based diagnoses, we conducted a medical records review in 88 
cases with autism diagnosis (representing about 1% of cases) randomly selected from 
all autism cases listed in the register. Medical records contain assessments from treating 
doctors including psychiatrists, psychologists and neurologists, as well as from nurses 
for inpatient and outpatient treatment. Medical record review substantiated the presence 
of DSM-IV autism in 94.3% of cases (83 of 88), and there was no indication of Autism 
Spectrum Disorder (ASD) in the medical records of the 5 cases that did not meet DSM-
IV autism or ASD criteria. Note that 20% of these cases had an ADI and ADOS in their 
records, but the rate of validation for both groups (with and without ADI and ADOS) was 
indistinguishable.  
We then identified subjects in the registry for recruitment, with exclusion and inclusion 
criteria as described in Online Methods. Five hundred thirty six (536) autistic disorder 
subjects were recruited from 12 counties in Sweden. 
Genetic characterization. 
All samples were genotyped on the Illumina HumanOmniExpressExome BeadChip. 
Here we analyzed only the OmniExpress content, which attempts to genotype more than 
715,000 SNPs across the genome. 
Quality control:  Data from all subjects were processed through the PGC pipeline1, which 
imputed autosomal SNPs with CEU (Utah residents of Northern and Western European 
ancestry) and TSI (Toscani in Italia) HapMap Phase 3 data as the reference panel. Only 
samples of Swedish descent, as judged by PCA analysis, were targeted for imputation. 
A SNP was kept only if it met the following criteria: had minor allele frequency MAF > 
0.01; genotyping completion rate > 95%; minor allele frequency > 0.05; Hardy-Weinberg 
equilibrium p-value > 0.005; imputation R2>0.6. Of the original set of 711,027 autosomal 
SNP probes genotyped on the OmniExpress, 531,906 were retained for analysis. (We 
focus the analysis on the SNPs genotyped in the case sample, which ensures very high 
quality genotypes enter the analysis. In fact, because imputation can alter genotypes of 
SNPs that were “physically genotyped” by the chip, we checked to ensure the vast 
majority of imputed genotypes were identical to the physical genotypes, and they were; 
i.e., heritability should not inflated or deflated by imputation error.) 



Individuals were omitted if they were a genetic duplicate of another sample (n=11) or 
had a genotyping completion rate < 98% (n=1). This results in a final sample of 3046 
individuals, of which 466 are cases and 2580 are controls.  
Population structure:  We further accounted for more subtle population structure by 
running an additional ancestry analysis on the data (n=3044, omitting one of each set of 
twins) with the GemTools software2. A sample of 50,000 SNPs that had passed QC was 
used to determine seven significant dimensions of ancestry. These seven ancestry 
dimensions were then used as covariates in all subsequent analyses to control for the 
population structure. 
Prevalence. 
For the purpose of our heritability calculation we estimated autistic disorder prevalence 
in Sweden. Individuals were grouped into four-year birth cohorts for each of Sweden's 21 
counties, starting with the 1980-1984 cohort and ending with the 2005-2009 cohort. An 
estimate of the prevalence within each county and birth cohort combination is obtained 
as a function of the age of the subjects. The estimate of prevalence is necessarily a 
monotone non-decreasing function of age because over time more people with the 
disorder are diagnosed, hence the prevalence increases as a function of age 
(Supplementary Figure 1). Supplementary Figure 1 demonstrates that, when 
aggregating across all birth cohorts and counties, the population prevalence of ‘strict 
autism’ (i.e., autistic disorder) in Sweden, as a function of age, stabilizes after subjects 
reach 23 years of age, and converges on the value of .3%. Data are separated into birth 
cohorts to account for changes in prevalence over time. As demonstrated in 
Supplementary Figure 1, indeed, the county level prevalence estimates generally 
increase over time. Note that this figure excludes birth cohorts 2000-2004 and 2005-
2009, as these groups had insufficient time to yield reliable estimates of prevalence. 
However cohorts spanning 1990-1999 show an average prevalence of .3%, hence we 
use this value of K in the current study when estimating the heritability of autistic 
disorder from our Swedish sample. 
Heritability.  
Early twin studies: There have been several twin studies in ASD (Supplementary Table 
1). In every case, concordance for monozygotic twins was higher than that for dizygotic 
twins. In some of these studies, heritability was estimated. In three studies, heritability 
estimates were between 73-93%, while in 1, heritability was estimated at 38-39%.  

Study Diagnosis Number of 

twins 

MZ:DZ 

concordance 

estimates 

Reported 

heritability 

estimates 

Folstein and 

Rutter, 19773 

Kanner criteria 11 MZ, 10 DZ Autism: MZ, 

36%; DZ, 0% 

BAP: MZ, 82%; 

DZ, 10% 

 

Ritvo et al DSM-III 23 MZ, 17 DZ Autism: MZ,  



19854 96%; DZ, 24% 

Steffenburg et 

al 19895 

DSM-III-R 11 MZ, 10 DZ, 

plus one set of 

identical 

triplets 

Autism: MZ, 

91%; DZ, 0% 

BAP*: MZ, 91%; 

DZ, 30% 

 

Bailey et al 

19956 

ICD-10 25 MZ, 20 DZ, 

plus 2 triplet 

sets  

Autism: MZ, 

60%; DZ, 0 

BAP: MZ, 92%, 

DZ, 10% 

91-93% 

Taniai et al 

20087 

CARS 19 MZ, 26 DZ ASD: MZ, 95%; 

DZ, 31% 

73% for males 

and 87% for 

females 

Rosenberg et 

al 20098 

IAN; diagnosis 

supplied by 

families 

67 MZ, 210 DZ ASD: MZ, 88%; 

DZ, 31% 

 

Lichtenstein 

et al 20109 

A-TAC 29 MZ, 88 DZ ASD: MZ, 39%; 

DZ, 15% 

80% 

Hallmayer et 

al 201110 

ADI-R and 

ADOS 

54 MZ,138 DZ Autism: MZ, 58-

60%; DZ, 21-

27% 

ASD: MZ, 50-

77%; DZ, 31-

36% 

37% for autism 

and 38% for 

ASD 

Supplementary Table 1 Twin studies in autism spectrum disorders. ADI-R, Autism 
Diagnostic Interview-Revised; ADOS,	
  Autism Diagnostic Observation Schedule; A-TAC, 
the autism, tics, ADHD and other comorbidities inventory; BAP, Broader Autism 
Phenotype; CARS, Childhood Autism Rating Scale; DSM-III-R, Diagnostic and Statistical 
Manual of Mental Disorders, Third Edition, Revised; DZ, dizygotic; IAN, Interactive 
Autism Network; ICD-10, 10th revision of the International Statistical Classification of 
Diseases and Related Health Problems (ICD); MZ, monozygotic. 
Heritability estimates from the Swedish family study: The Swedish family study11 
discussed in Main Text and Online Methods relied on an extended sibling design, an 
extension of the classical twin design, to estimate heritability12. To increase power and to 
make results more generalizable, this design included full siblings and maternal and 



paternal half siblings in addition to twins. As noted in Online Methods, the approach also 
facilitated estimation of additive and non-additive genetic sources of variance, as well as 
shared and non-shared environmental sources of variance. To choose a model, as a first 
step, all potential sources of variance were included. Next, parameters were excluded 
sequentially until the most parsimonious model that fitted the data was discovered. The 
chosen model incorporated covariance due to additive genetic and non-shared 
environment. Other terms in the full model did not have sufficient explanatory power to 
warrant retention in the final model.  
Heritability estimated from GCTA: To estimate the genetic relationship matrix (GRM) we 
used common SNP markers only. To obtain estimates of the heritability, we follow the 
steps outlined in Lee et al13. In brief, we model the case-control status via the mixed 
linear model 𝑦 = 𝑋𝛽 + 𝑔 + 𝑒, where 𝑦 is the vector of case-control status, 𝛽 is the vector 
of coefficients for the fixed effects (7 ancestry dimensions returned by GemTools) with 
associated design matrix 𝑋, 𝑔 is the vector of random additive genetic effects associated 
with SNPs, and 𝑒 is a vector of random errors, which are assumed to be independent. 
The variance of the phenotypes can be written as 𝑉𝑎𝑟 𝑦 = 𝐴𝜎!! + 𝐼𝜎!!, where 𝐴 is the 
genetic relationship matrix (GRM) and 𝐼 is an identity matrix, while 𝜎!! and 𝜎!! partition 
the total phenotypic variation into pieces attributable to additive genetic effects and 

random error, respectively. The heritability is then simply calculated as ℎ! = !!!

!!!!!!!
 on 

the observed scale, which is transformed to the liability scale as a function of the 
population prevalence (K) as outlined previously13. 
To estimate heritability due to common SNPs we use GCTA, applied to a GRM 
calculated based on a sample of essentially unrelated individuals (A < .025). To estimate 
total additive heritability we include all sampled individuals, compute the GRM, smooth 
this matrix using TCS (see below), and then compute heritability from the GCTA 
package. 

Heritability by treelet covariance smoothing (TCS): In principle, given  𝐴, total heritability 
can be estimated from any sample that includes relatives. Thus one option is to estimate 
𝐴 based on the GRM from the full sample, which includes distant relatives; however this 
could produce a negatively biased estimate of heritability14. An alternative that works 
well is a thresholded version of the GRM, zeroing any entries in the GRM less than t 
(GRMt)14. For estimating heritability of quantitative traits in the Icelandic population, 
Zaitlin et al14 used t =.05. For our sample from Sweden, however, such an approach is 
not feasible because there are too few close relatives (Supplementary Figure 2) and 
we did not perform this estimate.   
Instead we use a more refined estimator that estimates degrees of relatedness and does 
a good job of thresholding unrelated individuals. Starting with GRM we applied a 
smoothing/dimension reduction technique known as treelets to obtain the treelet 
covariance smoothing matrix (TCS)15. Treelets cluster related individuals, even very 
distantly related individuals to smooth and denoise the GRM. The fundamental 
assumption is that 𝐴 is a sparse matrix (mostly 0 entries) because most pairs of 
individuals are unrelated. If the sample has underlying structure in the form of small 
groups of related individuals, with little or no relatedness across groups, then 
transforming the data into a treelet representation and thresholding out noise to obtain a 
sparse covariance matrix will produce a better estimate15. To do so, treelets introduces 
novel construction (via a series of Jacobi rotations) of orthonormal multi-scale bases 
supported on nested clusters in a hierarchical tree.  In particular, if z is a random vector 
with Var(z) = A, then the orthonormal basis 𝑣! !!!!  can represent z as 𝑧 = 𝑐!𝑣!!

!!! , 



where 𝑐𝑖 = 𝑧, 𝑣! , and thus 𝐴 = 𝛾!!!
!!! 𝒗!(𝒗!)! + 𝛾!"𝒗!(𝒗!)!!!! , where 𝛾!" = 𝐶𝑜𝑣 𝑐! , 𝑐! . 

By applying a hard threshold to the 𝛾!" coefficients, some noisy relationships are filtered 
out producing a smoothed version of the GRM. Implementation requires first estimating 
A, then using an R function for treelets and then plugging this estimate into GCTA to 
obtain an estimate of h2. The	
  treelet	
  algorithm,	
  as	
  well	
  as	
  its	
  implementation,	
  is	
  
available	
  in	
  R	
  on	
  CRAN	
  as	
  the	
  treelet	
  library	
  (http://cran.r-­‐
project.org/web/packages/treelet/index.html). 
In published simulations of samples containing a mix of distant relatives and unrelated 
individuals, TCS estimated the genetic relationship matrix accurately. Indeed the bulk of 
the estimates were within one degree of the true relationship15. Moreover, TCS 
estimated genetic relationships with less error (in terms of root mean squared error) than 
GRM and GRMt for relatives of degree 7 and greater; for closer relatives (degree < 7) 
GRM provided the best estimate while GRMt and TCS produced slight under-estimates 
of the true relationships. For the current analysis only .03% of the relative pairs were 
estimated to be 6th degree or closer (Supplementary Figure 2), hence accurate 
estimation of the distant relative pairs was critical. 
Carrying out these analyses based on the estimate of GRM produced by GCTA16, with 
people who are unrelated in the classical sense (A < .025), produces an estimate of 
heritability attributable only to common variants, in the sense of references.6,7,13 16-18. 
Including closer relatives, produces estimates of total additive heritability, including the 
variance attributable to both common and rare variation. 
Consistent with the results in Zaitlen et al14, by using the complete GRM for A without 
any smoothing, the estimated heritability was 51.9%, lower than that using TCS (52.4%) 
but slightly higher than that from common variants (49.4%). We also attempted to 
estimate heritability using thresholded versions of the GRM, but the procedure failed to 
converge due to the small number of closely related subjects. To evaluate the stability of 
the TCS estimate of total additive heritability we perturbed entries in the TCS matrix 
based on a simple model for the sampling variability to evaluate the effect of estimation 
error and found that the results were very stable (standard deviation =1.7%). 
Simulations of pedigrees for heritability estimation:  Simulations were conducted 
following the procedure used in Crossett et al15. To produce realistic simulations, we 
started with phased genomes (haplotypes) of individuals from the HapMap 3 database, 
selecting two populations with European ancestry (CEU and TSI). Utilizing the small 
sample of available haplotypes, we generated a large sample of haplotypes, 
representative of those that might be sampled from unrelated founders of a population. 
The challenge was to keep intact the realistic haplotype structure for a human 
population, including linkage disequilibrium (LD), without generating unusual sharing 
between the founders. To accomplish this goal, we took the HapMap data on CEU and 
Tuscan samples, which were phased quite accurately into haplotypes, as the initial 
sample of chromosomes from which to generate founders. Now each founder haplotype 
was created by sampling pieces of chromosomes (or haplotypes) from the initial sample. 
To do so, the number of recombination spots per chromosome was determined using an 
overall recombination of θ = 10−6 per Mb, which is 100 times the normal rate of 
recombination for humans. The actual location of the recombination spots were then 
determined using the recombination map provided by HapMap, a procedure that 
successfully keeps intact the LD structure of the chromosome. From this pool of 
generated haplotype pairs, chromosomes were randomly assigned to each of the 
founders in each of 100 families. These founder chromosomes were then dropped 



through a five generation pedigree. At each generation the chromosomes underwent 
recombination with an overall rate of θ = 10−8 at locations determined by HapMap’s 
recombination map. One hundred sets of independent pedigrees including 20 sampled 
individuals were combined to generate the full genotype sample of size 2000. For the 
given set of genotypes, 50 independent vectors of phenotypes were simulated. For each 
simulation a random set of causal variants were chosen: 1000 rare (MAF < .01) and 
1000 common variants. These two classes of SNPs generated 25% and 50% of the 
heritability, respectively, for a total of h2 = 75%.   
GRMs are generated using 300,000 markers with MAF > 0.05 and r2 < 0.64. Data were 
then analyzed using the full GRM (2000 individuals) and the sub-GRM (n=1390) in which 
no relationship is > 0.025.  
Impact of clinical features on estimates of heritability, exemplified by diagnosis 
and intellectual function.  
Autistic disorder versus ASD and intellectual function in Sweden: Autistic disorder has a 
prevalence of 0.003 (= .3%) in the Swedish population. Using the same sampling frame 
we estimate a prevalence of 0.01 (=1%) for ASD in the population. Although recent CDC 
estimates show a somewhat higher rate in the United States19, both rates from Sweden 
are comparable to rates obtained from other studies, including the CDC. 
By linking registry data from Sweden we were able to estimate the fraction of subjects 
with autistic disorder who also have intellectual disability or ID (IQ < 70). In Swedish 
subjects with autistic disorder, 43.57% also have ID. This rate is similar to other recent 
epidemiological studies. In a recent analysis from the Center for Disease Control Autism 
and Developmental Disabilities Monitoring Network19, seven sites had sufficient data on 
rates of ID. In this cohort 31% (range 18-37%) of children with the broader ASD 
diagnosis were classified as having ID (IQ ≤70). The rate of comorbidity is expected to 
increase with more stringent levels of diagnosis. For example, in a UK study the rate of 
ID in subjects with autistic disorder, narrowly defined, was 73% whereas in broadly 
defined ASD it was 55%20. In their “consensus autism” diagnosis, which by frequency 
seems closest to autistic disorder as defined here, 53% of subjects have ID. In a total 
population from Korea and when autistic disorder was analyzed separately from other 
ASD diagnoses, 48.1% of individuals with autistic disorder had ID21. 
Heritability as assessed on data from the Autism Genome Project: Consistent with 
quantitative genetics theory it has already been shown that families who are multiplex for 
ASD carry a larger load of liability alleles, presumably common variants, relative to 
simplex families (defined as families with only one affected subject within the set of first 
and second degree relatives)17. Clinical phenotypes could also affect heritability/genetic 
load, although how much impact they might have is an open question. To evaluate this 
question we evaluate two phenotypes thought to have major impact on the genetics of 
ASD, namely diagnosis per se and high versus low functioning, as measured by IQ. For 
diagnosis we follow the AGP by analyzing strict autism, as defined by meeting criteria for 
autism on the ADI-R and ADOS 22, versus ASD, which includes strict autism and 
subjects who meet looser criteria for a spectrum diagnosis. For IQ we again follow the 
AGP by targeting subjects with IQ ≥ 80, well beyond the bound for intellectual disability.    
For data we use the AGP sample of 2121 ASD probands from European descent and 
1663 controls from European descent from the HABC collection. The AGP data are 
described in Anney et al23,24; the HABC data are described in Klei17 and are the same 
data used therein. The number of probands for AGP samples was limited to one per 
family. There was an overlap of 837,454 markers between the two datasets. Conducting 



a series of quality control steps for SNP, similar to those from Klei, SNPs are retained for 
analysis if they meet these criteria:    
1) Non call rate per SNP < 0.02 (20,542 SNPs failed) 
2) Minor allele frequency MAF >  0.01 (317 failed) 
3) Exact Hardy Weinberg in the HABC samples 0.005 (5366 failed) 

Samples are removed if they had a non-call rate for SNPs > 2.5%, and this removed 24 
cases from the analysis. After QC there were 2097 AGP cases and 1663 HABC controls 
genotyped for 828,352 markers. After analysis using GCTA we obtain the following 
results: 

  Heritability (%) 

Phenotype N Estimate Standard error 

ASD 2097 51.1 4.8 
Strict autism 1242 52.3 6.2 

IQ ≥ 80 871 59.3 7.8 

 
For all analyses the prevalence for autism is set at 0.01 to make the estimates of 
heritability comparable. Note that clinical phenotypes do not have a substantial impact 
on heritability. This conclusion is consistent with that reached by analysis of a larger 
spectrum of clinical phenotypes in the Simons Simplex Collection (Chaste et al., 
unpublished data).   
Meta analysis of heritability.    
This is described fully in Online Methods.  
Estimating the contribution of de novo mutations and heritable variation to 
liability and variation in liability to ASD. 
Motivation: Both de novo copy number variants (CNVs) and de novo loss of function 
(LoF) mutations have been associated with ASD by multiple independent researchers 25-

31. To estimate the contribution of these de novo mutations to the overall risk of ASD, we 
assume ASD risk is a direct function of the excess proportion of cases carrying de novo 
mutations, relative to control subjects. In other words because control subjects do not 
have an ASD diagnosis and because de novo mutations mediating ASD risk are rare 
events, a reasonable assumption is that de novo mutations found in controls do not 
mediate ASD risk. Rather, these events are incidental to an ASD diagnosis and provide 
a good approximation to the background rate of mutation in the general population.  
In subjects with ASD (cases), on the other hand, we expect a mix of de novo mutations 
that do, and that do not, impart ASD risk. The de novo mutations that do not impart ASD 
risk should be present at roughly the same rate in cases as in controls because they are 
an incidental finding, unrelated to ASD, so should not be affected by the ascertainment 
of ASD samples. The remaining de novo mutations that impart ASD risk in cases will be 
present as a consequence of ascertainment bias for ASD. We will estimate this 
differential rate by the odds ratio, which, in this case, is an excellent approximation to the 
relative risk (RR), and then use the estimated RR to estimate the liability accounted for 
by de novo mutations, in the same manner as heritability on the liability scale (see 
Falconer32 for development).  



While using unobservable liability to model the heritability of the binary trait has a long 
history, the challenge of this parameterization is its interpretation. Take, for example, a 
disease with prevalence K = 0.01 (like ASD), a risk allele with a population frequency (p) 
of 0.001 for allele d, versus allele D occurring at a population frequency of q=1-p. For 
genotypes Dd and DD, the genotype relative risk (G) can be defined as the ratio of two 
penetrance probabilities (f0 and f1) so that 𝐺 = !(!"#$%#$|!")

!(!"#$%#$|!!)
= !!

!!
. Let G = 20. Then, using 

equations developed below we can estimate the contribution of Dd towards disease 
heritability (h2) as 0.4%. Still the penetrance for genotype Dd is 0.193 so an individual 
carrying the d variant is at substantial risk for the disease and 19.3% of subjects carrying 
this variant will have a disease diagnosis. Furthermore the variant d will be present in 
1.9% of individuals with the disease, the majority of whom would not have the disease in 
the absence of the d variant (>99%, see calculations below). Yet, because d is rare and 
K is small, the locus explains a small fraction of the variance in liability at the population 
level: there is the gist of it, the mutation substantially affects liability when present, but at 
the population level it is found in only 2 in a thousand subjects and therefore cannot, by 
itself, explain much of the population’s variability in liability. 
Calculation of liability: Risch33, in his analysis of heritability for a single risk locus, lays 
out an equation relating key quantities as a quasi-additive model: 

𝐾 = 𝑞!𝑓! + 2𝑝𝑞𝑓! + 𝑝!𝑓! = 𝑞!𝑓! + 2𝑝𝑞 𝑓! + 𝑎 + 𝑝! 𝑓! + 2𝑎 = 𝑓! + 2𝑝𝑎 

Other quantities flow from this simple parameterization. Given K, p and G, 𝑓! =
𝐾 (1 + 2𝑝(𝐺 − 1)) and 𝑎 = (𝐺 − 1)𝑓!.  Because de novo events observed in ASD 
subjects appear to be acting dominantly, i.e., they generate a single loss-of-function in 
one (for sequence) or more (some CNVs) haplo-insufficient genes, we make a slight 
adjustment to the formulas, setting penetrance 𝑓! = 𝐺𝑓! for Dd and dd; and 𝑓! =
𝐾 (𝑞! + 2𝑝𝑞𝐺   +   𝑝!𝐺). 
Our interest here is to relate de novo variation – generation of allele ‘d’ in our example 
above – to heritable variation by setting them on the same liability scale. This we will do 
by using the model described in Falconer32.   
De novo CNVs: Fifty-four de novo CNVs were observed in 872 ASD cases from the 
Simons Simplex Collection (SSC) compared with 16 in 872 matched sibling controls 27. A 
similar result was obtained from a complementary analysis, which used the same 
sample but with a different CNV detection protocol, with 75 de novo CNVs in 858 
probands and 19 de novo CNVs in 863 sibling controls 26. Using the latter, more 
comprehensive estimates, we compute the relative risk RR=4.25. Assuming an 
‘exposure rate’ of 0.022, the rate of de novo CNVs in unaffected siblings of ASD 
probands, variability on the liability scale accounted for by de novo CNVs is 1.46%.  
De novo LoF mutations: Seventy-two of 599 ASD probands from the SSC have a de 
novo LoF mutation, compared with 32 of the 599 matched sibling controls 28,31,34. These 
observation lead to an estimate of RR = 2.42. Assuming an exposure rate of 0.053, 
variability on the liability scale accounted for by de novo LoF mutations is 1.11%.  
De novo missense mutations: Reports of an association between de novo missense 
mutations and ASD differ between publications 28,31 and the combined data show only a 
trend towards enrichment in probands (p=0.10)34; however, because a proportion of 
missense mutations are known to have a highly deleterious effect on protein function, 
and because of the reproducible association between de novo LoF mutations and ASD, 
it is highly likely that a subset of de novo missense mutations do mediate ASD risk. In 
the combined dataset, 253 out of 599 probands had at least one de novo missense 



mutation compared with 238 of the 599 matched sibling controls. These observation lead 
to an estimate of RR = 1.11.  Assuming an exposure rate of 0.397, variability on the 
liability scale accounted for by de novo missense mutations is negligible (0.04%). 
Risk from de novo mutations and generalizability: By assuming de novo mutations act 
independently, a reasonable estimate of the contribution to the variance in liability is 
2.6%.  Relative to heritable variation, it is roughly 5% (i.e., .026/.5). On the other hand, 
these de novo events are often meaningful for liability when they occur. In our simple 
example (p=.001 and G=20 for the additive model) we asserted two facts: 1.9% of 
individuals with the disease would carry the variant and 99% would not have the disease 
in the absence of the risk variant. Empirically, relative to sibling controls, we find an 
excess of 13% of de novo copy number or de novo LoF mutations in ASD subjects who 
participated in the Simons Simplex Collection study. The subjects are largely idiopathic, 
as opposed to syndromic (see below for discussion of syndromic subjects and 
Supplementary Table 1), which will reduce the rate of de novo mutations per subject. 
Therefore de novo events are inarguably an important source of risk. For de novo CNV 
and LoF events we can also estimate what fraction of subjects would not be affected if 
they did not carry the de novo mutation. For de novo CNVs, roughly 80% of subjects 
would not be affected and for de novo LoF mutations, 57%.  
Further details of calculations: The low contribution of de novo events to variability in 
liability could seem counterintuitive. There is a way to verify these estimates are 
sensible, by determining if the observed rate of de novo CNVs in ASD subjects for each 
class of variants is captured by the estimated parameters of the model. To do so we 
estimate P(mutation|ASD)by the conditional probability model:  

𝑃(𝐴𝑆𝐷|𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛)𝑃(𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛)
𝑃 𝐴𝑆𝐷 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛 𝑃 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛 +   𝑃(𝐴𝑆𝐷|𝑛𝑜  𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛)(1 − 𝑃 𝑚𝑢𝑡𝑎𝑡𝑖𝑜𝑛 )

 

= 𝑝𝑓! (𝑝𝑓! + (1 − 𝑝)𝑓!). The rate calculated for each class of mutations matches 
perfectly with the observed rate of de novo events in probands. 
To compute the probability of carrying a risk mutation, one can use this conditional 
probability argument: 𝑃 𝐷𝑑 𝑑𝑖𝑠𝑒𝑎𝑠𝑒 = ! !" !(!"#$%#$|!")

!(!"#$%#$)
. To compute the probability that 

someone would not be affected were they not a carrier, we first need the impact of the 
mutation on liability measured from f1 and K. Call it ‘d’ for displacement. Then, using the 
normal distribution describing the distribution of liability in the population, calculate 
1 − !!!(!)

!!!(!)
, where Φ is the normal distribution function.   

Caveats: We note that de novo missense mutations are observed in over 40% of cases 
and have only a modest impact on risk, 1.11. It is possible that we over-value exposure 
for this class of de novo variants, but they account for almost nothing of the variability of 
liability. We assume de novo events are independent sources of risk, which comports 
with the data. We simplify the modeling of de novo missense variants by ignoring their 
multiplicity in some individuals, but these missense variants, as a class, have little 
impact in any case.  
We also note that all of the estimates of de novo impact are derived from the Simons 
Simplex Collection, a cohort composed solely of families with sporadic ASD that was 
designed to enrich for de novo mutations. Therefore the estimate of the contribution of 
de novo mutations to explanation of ASD liability is likely to be inflated somewhat 
compared with the general population; however the degree of inflation is likely to be 
small because the majority of ASD families are simplex35 and other studies have shown 



that the rates of de novo CNVs and SNVs are similar when simplex and multiplex 
families are contrasted22,29. Conversely, it is likely that technological advances will 
demonstrate ASD association for categories of de novo mutation that are missed by 
current studies, including small CNVs and non-coding mutations, leading to an 
underestimate of the total contribution from de novo mutations.  
Syndromic variants: A proportion of ASD is described as being syndromic, with ASD 
being one of a constellation of features, and a substantial proportion of these syndromic 
causes are also de novo. Comorbidity of ASD and Fragile X syndrome accounts for 
about 1% of ASD diagnoses36, making it the most common single-gene syndrome 
associated with ASD. While it is often cited as an inherited “cause of ASD”, the CGG 
triplet repeat frequently expands from a pre-mutation in the mother so that the full 
mutation in the child is ‘de novo’37 and whether the pre-mutation is sufficient in itself to 
cause ASD is debatable. Considering four syndromes in which ASD comorbidity is 
frequently observed (after Fragile X), over 60% of cases arise from de novo mutations in 
autosomal genes and 31% for X-linked Duchenne muscular dystrophy (Supplementary 
Table 2). Similarly for CNV syndromes associated with ASD de novo mutations 
frequently account for over 50% of the observed variants (Supplementary Table 3).  

Syndrome Gene Syndrome 
prevalence 

Percentage 
de novo 

ASD prevalence 
in syndrome 

Duchenne muscular 
dystrophy 

DMD 0.029 31% 0.04 

Neurofibromatosis, 
type 1 

NF1 0.02 60% 0.04 

Tuberous sclerosis TSC2 0.003 64% 0.48 
Tuberous sclerosis TSC1 0.001 64% 0.48 

Supplementary Table 2 Single gene syndromes in which comorbidity with ASD is 
relatively common. 
 

Syndrome Type Percentage  de novo 

16p11.2 Del 92% 
16p11.2 Dup 50% 
15q11.2-q13 (BP2-BP3)  Dup 50% 
1q21.1 Dup 17% 
22q11.2  Dup 33% 
7q11.23 Dup 33% 
1q21.1 Del 100% 
3q29 Del 50% 
22q11.2  Del 100% 

Supplementary Table 3 CNV syndromes in which comorbidity with ASD is relatively 
common. The percentage of CNVs that are de novo and the overall contribution of each 
CNV to PAR for ASD is shown for the CNVs showing the strongest association with 
ASD. All data are based on Moreno de Luca et al38. 



While this list of syndromes is not exhaustive, it does include syndromes frequently 
observed in ASD cohorts. The contribution from other syndromes to overall ASD liability 
is small because such syndromes are either very rare, such as Timothy syndrome39, or 
they have very weak association with ASD, such as Sotos syndrome40. Because the 
syndromes are relatively rare or ASD is rarely comorbid with the syndrome, we do not 
include these in our calculation for the contribution of de novo variation to liability for 
ASD. 
  



 
 

Supplementary Figure 1 Estimated prevalence of strict autism for the entire Swedish population as a function 
of individuals' ages.  
 
Prevalence was calculated by Kaplan-Meier function utilizing year of birth, age at autistic disorder diagnosis 
and censoring due to death, emigration or end of study period, whichever came first. (a) Prevalence pooled 
across cohorts and counties; (b) Prevalence by cohort.  	
  
	
  



	
  

	
  
Supplementary Figure 2 Distribution of relative pairs by degree of relatedness estimated using TCS.  
 
Based on 3,044 subjects, there are 4,631,446 subject pairs, and 63% of the pairs are estimated to be 
unrelated (degree > 10). 1,346 of these were estimated to be degree 6 or closer with 12, 37, 104 and 1,193 of 
these falling in the intervals 2-3, 3-4, 4-5 and 5-6. 
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