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Supplementary Methods 

1. SPARK dataset preparation 

1.1. Exome Sequencing and phenotypic data 

We downloaded the Simons Foundation Powering Autism Research for Knowledge 

(SPARK) integrated whole-exome sequencing data1 release version 2 through Globus.2 This 

release (jointly called VCF v2.2023_01, Deep Variant/GLNexus) encompassed 106,744 

samples from five sequencing batches (WES1: 27,177 samples, WES2: 15,671, WES3: 

16,476, WES4: 11,340, WES5: 36,080), sequenced using two capture systems (WES1-4: IDT, 

WES5: TWIST). The dataset included 44,304 autistic individuals (33,335 males and 10,969 

females) and 62,440 individuals without an autism diagnosis (24,783 males and 37,657 

females), including 27,775 father-child-pairs (19,977 autistic individuals) and 46,343 mother-

child pairs (34,011 autistic individuals). These formed 25,386 trios (18,172 autistic individuals), 

23,346 samples with one sequenced parent (17,644 autistic individuals), and 58,012 samples 

without parental WES (8,488 autistic individuals). The phenotypic data for the autistic 

LQGLYLGXDOV�ZHUH�GRZQORDGHG� IURP�6)$5,¶V�*HQRW\SHV�DQG�3KHQRW\SHV� LQ�)DPLOLHV� �*3)��

database.3 These phenotypic data were available for 40,346 autistic individuals with WES 

data. 

1.2. Variant annotation 

The provided dataset included 10,202,547 sites (11,236,834 after splitting multiallelic 

sites). These sites were annotated using Variant Effect Predictor4 (VEP) Ensembl release 108. 

The following annotations were added: consequences on Ensembl genes and transcripts, 

exon/intron numbers, allele frequencies based on gnomAD exomes (r2.1.1) and gnomAD 

genomes (r3), MPC scores, Loftee predictions, NMD plugin predictions.5 The consequences 

ZHUH�DQQRWDWHG�RQ�µ0$1(�3OXV�&OLQLFDO¶�WUDQVFULSWV��0DWFKHG�$QQRWDWLRQ�EHWZHHQ�1&%,�DQG�

Ensembl v1). For variants with consequences on more than one MANE transcript, one 

consequence was prioritized based on the severity of the predicted effects or gene constraint. 

We produced a working dataset in which we split multiallelic sites, set any variants with depth 

zero to missing, and filtered for variants that were in the exonic regions or the adjacent splice 

regions of MANE/Clinical transcripts.



1.3. Ancestry inference 

SPARK provided ancestry labels based on the 1000 Genomes super-populations 

(Africans [AFR], Admixed Americans [AMR], East Asians [EAS], Europeans [EUR], and South 

Asians [SAS]), along with subpopulation labels, and probabilities for being assigned to these 

sub-populations. A group of 2,783 samples were labeled as having an unknown super-

population (Table S1���7R�FRQILUP�WKHVH�ODEHOV�DQG�WR�FODVVLI\�WKH�VDPSOHV�LQ�WKH�µ8QNQRZQ¶�

group to the nearest population when possible, we projected SPARK iWES2 samples onto a 

principal components (PCs) space based on 2,536 samples from the 1000 Genomes Project6 

calculated using PLINK.7 PC analysis of the 1000 Genomes reference data (10 PCs) 

leveraged 8,718 pruned variants with allele frequency > 1% that are present in at least one 

sample in SPARK samples, limited to exonic regions of protein coding transcripts described 

above. SPARK samples were then projected into the 1000 Genomes PC space. The clustering 

of these samples was contrasted with the pre-defined ancestry labels. We reclassified the 

samples where the superpopulaWLRQ�ZDV�ODEHOHG�DV�µXQNQRZQ¶�WR�RQH�RI�WKH������*HQRPHV�

superpopulations if these had a probability exceeding 0.8 of belonging to that group 

(calculated as the sum of probabilities of belonging to the sub-populations under that group, 

provided by SPARK), or clustered with that group on each of the first four PCs. Last, we 

defined a group of admixed individuals that did not cluster closely with their corresponding 

groups on PC1-4 (Table S2 and Figure S1).  

1.4. Sex inference 

To infer the ploidy of sex chromosomes from sequencing data, we evaluated the depth 

and genotypes in the hemizygous regions of chrX and chrY, namely, (1) the read depth in 

chrX normalized by the median chrX depth in samples labeled as males, (2) the read depth in 

chrY normalized by the median chrY depth in samples labeled as males,  (3) the fraction of 

missing calls on chrY, and (4) the F statistic (the difference between the expected and 

observed heterozygosity in the hemizygous region of chrX; PLINK). Male sex was inferred for 

samples with normalized chrY depth between 0.5 and 2, fraction of missing genotypes in chrY 

< 50%, normalized chrX depth < 2, and F statistic > 0.8. Female sex was inferred for samples 

with normalized chrX depth between 1 and 3, F statistic > -0.6 and < 0.6, normalized chrY 

depth < 0.15, and fraction of missing genotypes on chrY > 50%. 122 male and 88 female 

samples were classified as having ambiguous inferred sex or having a mismatch between 

reported and inferred sex, and were removed from the burden analyses. 
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Figure S1. Population labels validation. 

Principal component analysis (PCA) was used to check the validity of the pre-assigned 

population labels from SPARK against the top principal components projected on the 1000 

Genomes space (reference samples not shown). Most samples clustered as expected (a). 

Samples with unknown labels and those not clustering with their respective pre-assigned 

groups (b) were re-classified (c���6HH�VHFWLRQ������µ$QFHVWU\�,QIHUHQFH¶�DQG�7DEOHV�6��	�6��
for details. 



1.5. Relatedness inference 

The provided meta-data indicated the presence of 27,775 father-child-pairs and 46,343 

mother-child pairs (25,386 complete trios). To verify the parental relationships, kinship was 

estimated using PLINK based on KING's robust algorithm.8 We required the parent-child pairs 

to have a kinship estimate between 0.3 and 0.1 and a proportion of SNPs with Identity By 

State (IBS) sharing < 5x10-5. Ten parent-child pairs could not be verified based on kinship. A 

set of maximally unrelated probands (N=39,020) was selected by incrementally removing the 

samples with the highest number of related autistic individuals (kinship > 0.0884) while 

prioritizing those with sequenced parents and females in that order. Ties were resolved by 

retaining the sample with the older identifier. Similar sets of unrelated individuals were defined 

for the siblings (N=15,056) and parents (N=47,525). We estimated the allele frequencies, 

Hardy Weinberg Equilibrium p-values, and Excess Heterozygosity p-values separately in 

these three sets of unrelated samples (per population) and used the largest p-value (i.e. the 

least significant) as an input for variant quality control (QC). 

1.6. Variant QC 

A Random Forest was trained to identify low quality variant call sites. It was applied 

separately on SNVs and INDELs and the training sites were selected from variants 

heterozygous in one or more samples. Before running the variant QC, we applied basic 

genotype filtering by setting the genotypes that had any of the following to missing: (1) depth 

equal to zero, (2) genotype quality (GQ) equal to zero, (3) a conflict between the called 

genotype and the phred-scaled genotype likelihood, or (4) a p-value from a binomial test for 

allele balance less that 1x10-10 (for heterozygous calls). Negative training sites were then 

defined as those that met one of the following criteria, excluding multi-allelic sites: (1) more 

than 50% of the samples with non-reference (heterozygous or homozygous) genotypes that 

had GQ < 20, (2) more than 50% of samples with a heterozygous genotype had variant allele 

fraction (VAF) below 0.2, or (3) the Hardy-Weinberg Equilibrium test p-value (calculated for 

separately for unrelated parents, siblings and probands per population, taking the largest 

estimate across all populations) was lower than 10-9. The positive training sites were the high 

confidence sites from the Broad bundle resource for  (SNVs: Omni, Axiom, HapMap; Indels: 

Axiom, Mills) used in the Genome Analysis Toolkit (GATK) best practices9). Since these sites 

are enriched for common variants, we annotated an equal number of randomly selected high 

confidence transmitted singleton variants (seen in a single child-parent pair, with Allele Quality 

> 35) as positive training sites. To balance the number of positive (SNVs: 388,268; INDELs: 

17,732) and negative (SNVs: 98,676; INDELs: 3,961) training sites, the positive training set 



was down-sampled to match the size of the negative training set, resulting in a balanced set 

of 205,274 variants (SNV = 197,352, 2.8% of all SNVs, INDEL=7,922, 2.3% of all INDELs). 

The remaining sites were annotated as test sites (SNVs= 6,731,744, INDELs= 310,362).  

We used the ranger package10 in R 4.1.0 to train random forest models on SNVs 

and INDELs separately, with 500 trees and probabilities as an output. The features used to 

train the random forest, and their relative importance, are depicted in Figure S2a. The training 

sites did not include any missing values in these features, and missing values among the test 

sites were set to the median of the respective feature across all sites of similar type (SNV or 

INDEL). The random forest model was then applied on all training and test sites to obtain 

probabilistic scores (range 0-1) indicating the probability of being a truly variable site. These 

scores were scaled to the range 0-100. The performance of the random forest was evaluated 

using precision and recall against the training sites using the caret package11 in R. We then 

examined the fraction of retained sites from the total dataset and the transmission ratio of 

synonymous variants with incremental random forest cut-offs. Random Forest score cut-offs 

of 97 for SNVs (recall = 0.97, precision = 1) and 92 for indels (recall = 0.975, precision = 1.0) 

were selected, and sites with scores higher than these were retained. The 

transmitted/untransmitted ratio of autosomal synonymous variants was 0.5 (Figure S2b). Next, 

the variants were filtered to those with a minimum genotyping rate (per sequencing batch; 

across five sequencing batches) exceeding 95%. After this QC, 6,345,636 out of 7,273,162 

sites were retained (12.8% filtered). These variants spanned 18,959 MANE-Plus transcripts 

(18,902 protein coding genes; including 57 genes with two transcripts). 
 

1.7. Genotype filtering 

We applied genotype filters based on genotype quality, allele depth, variant allele 

fraction, by setting the genotypes to missing if they were not consistent with the observed 

phred-scaled genotype likelihoods (PLs), had GQ < 10, had DP < 10, were reference 

genotypes with VAF > 0.25, were homozygous with VAF < 0.75, or were heterozygous with 

VAF < 0.2 or > 0.8.  



 

Figure S2. Assigning variant quality scores using Random Forest.  

A Random Forest was trained using 12 features (a) to assign a variant-level quality score 

between 0 (lowest quality) and 100 (highest quality). The average genotype quality per variant 

(all genotypes) and mean allele balance per variant (heterozygous genotypes) had the highest 

relative importance (y-axis). The fraction of the transmitted (T) alleles from the total transmitted 

& untransmitted (T+U) parental synonymous variants achieved after filtering with increasing 

stringency (higher Random Forest scores) is shown in b. Single Nucleotide Variants (SNVs) 

with scores > 97 (dotted line) and Insertions-Deletions (Indels) with scores > 92 were retained. 

See section 1.6. (Variant QC) for further details. 

1.8. Sample QC 

 We calculated the following sample-level metrics: total number of SNVs, total number 

of INDELs, total number of private variants (seen in one family), transition-transversion ratio, 

insertion-deletion ratio, and heterozygous-homozygous variants ratio. We regressed these on 

the population label, four principal components and the number of sequenced samples per 

family, to account for the population structure and the differences in variant-calling sensitivity 

in related individuals. We filtered all samples that were more than six standard deviations from 

the mean of the residuals for any metric, removing 275 samples (AFR: 180, EUR: 55, AMR: 

22, EAS: 3, SAS: 6, Unknown/Admixed: 9). Parents with autism and parents and siblings with 

motor delay or cognitive impairment were filtered (see 1.9). Subsequently, sets of maximally 

unrelated probands and siblings were selected. Note that this unrelated dataset of probands 

and siblings was used for the formal analysis of rare variant enrichment, and is prepared 

independently from the unrelated set presented in section 1.5, which was used to estimate the 

allele frequency for variant QC. Table S3 shows the sample size per population group after 

the sample QC. 



1.9. Motor delay and cognitive impairment 

We used the following phenotypic data fields to stratify the samples based on the 

presence of a motor developmental disorder, cognitive impairment or an intellectual disability 

diagnosis: 

�� µFRJQLWLYHBLPSDLUPHQWBDWBHQUROOPHQW¶� DQG� µFRJQLWLYHBLPSDLUPHQWBODWHVW¶�� SURYLGHG�

information on cognitive impairment diagnosis (identical values). Probands with a diagnosis 

ZHUH�FRGHG�DV�³7UXH´�DQG�WKRVH�ZLWKRXW�GLDJQRVLV�ZHUH�FRGHG�DV�³)DOVH´��0LVVLQJ�Yalues 

ZHUH�FRGHG�DV�³-´� 

�� 
GHYBLG
� DQG� 
GHYBPRWRU
�� SURYLGHG� LQIRUPDWLRQ� RQ� FRJQLWLYH� LPSDLUPHQW� �,QWHOOHFWXDO�

disability, cognitive impairment, global developmental delay, or borderline intellectual 

functioning, reported professional diagnosis) and motor development (Motor delay, e.g., 

delay in walking, or developmental coordination disorder; reported professional diagnosis). 

'LDJQRVHV�ZHUH�FRGHG�DV�³�´��7\SLFDO�GHYHORSPHQW�DQG�PLVVLQJ�YDOXHV�ZHUH�FRGHG�DV�³-´� 

�� µFRJBWHVWBVFRUH¶� DQG� WKH� µUHSRUWHGBFRJBWHVWBVFRUH¶�� SURYLGHG� ELQQHG� IXOO-scale IQ 

PHDVXUHPHQWV��LGHQWLFDO�YDOXHV���0LVVLQJ�YDOXHV�ZHUH�FRGHG�DV�³-´� 

 

We classified the autistic individuals in three phenotypic groups: 

1. Autism with motor delay or cognitive impairment: 

µ&RJQLWLYHBLPSDLUPHQWBDWBHQUROOPHQW¶��or  

µ&RJQLWLYHBLPSDLUPHQWBODWHVW¶� �³7UXH´��or 

µGHYBPRWRU¶�RU�µGHYBLG¶�� ����or  

µ&RJBWHVWBVFRUH¶��or  

µUHSRUWHGBFRJBWHVWBVFRUH¶� �µ��BEHORZ¶�µ��B��¶��µ��B��¶���µ��B��¶��RU�µ��B��¶� 

2. Autism without motor or cognitive impairment: 

µ&RJQLWLYHBLPSDLUPHQWBDWBHQUROOPHQW¶��and  

µ&RJQLWLYHBLPSDLUPHQWBODWHVW¶� �³)DOVH´��and  

IQ bin equivalent to an IQ >= 80 or missing IQ data, and  

PLVVLQJ�YDOXHV�LQ�WKH�µGHYBPRWRU¶�ILHOG��and  

PLVVLQJ�YDOXHV�LQ�WKH�µGHYBLG¶�ILHOG� 
 

The remaining probands with missing values in all fields were considered unclassified.
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2. De novo and rare inherited variants in trios 
 As introduced in the main text, de novo mutations (DNMs) were studied in a total of 

30,274 trios from the two cohorts by comparing DNM rates in 21,501 autistics (ASC: 8,028; 

SPARK: 13,473) to those seen in 8,773 siblings (ASC: 2,460; SPARK: 6,763). Over-

transmission analysis of rare inherited variants was performed by evaluating the counts of rare 

parental alleles transmitted to 21,043 autistic individuals (ASC: 7,570; SPARK: 13,473) versus 

untransmitted alleles. This section outlines the curation of DNMs and inherited alleles in each 

cohort. 

2.1. ASC 

 '10V�LQ�WKLV�GDWDVHW�ZHUH�REWDLQHG�IURP�SUHYLRXV�$6&�VWXGLHV��VHH�µ0HWKRGV��$6&�

FRKRUW¶���7KHVH�ZHUH�FXUDWHG�LQ�������WULRV��������DXWLVWLFV��������VLEOLQJV��DV�GHVFULEHG�LQ�
detail in the Supplementary Note of  Ref.12 Briefly, the de_novo() function from Hail 0.2 

python library13 was used to identify candidate DNMs, with priors from population allele 

frequencies. These candidates were then filtered for rare alleles with internal (within ASC 

dataset) and external (gnomAD) allele frequencies < 0.1%, with additional filtering on 

genoW\SH�GHSWK��DOOHOH�EDODQFH�DQG�SDUHQW�FKLOG�GHSWK�UDWLR���YDULDQW�TXDOLW\��µ([FHVV+HW¶�ILOWHU�

and GATK variant quality score log-odds), as well as the number of candidate DNMs per 

sample. Additional published DNMs were included, bringing the total sample size to 10,488 

trios (8,028 autistics, 2,460 siblings). Transmitted and untransmitted rare parental alleles were 

counted in 7,570 trios (autistic probands) with available exome data.  

2.2. SPARK 

Following the variant, genotype and sample QC described in section 1 above (see 

µ63$5.�GDWDVHW�SUHSDUDWLRQ¶���ZH�HYDOXDWHG�WKH�JHQRW\SHV�RI��������WULRV���������DXWLVWLFV�

and 6,763 siblings) for potential DNMs (see counts for probands and siblings in Table S3). We 

ILUVW�ILOWHUHG�IRU�FDQGLGDWH�'10V�EDVHG�RQ�WKH�SDUHQWDO�JHQRW\SHV�DQG�XVHG�WKH�µtrio-dnm2¶�
plugin from bcftools14 1.17 to estimate the error probability of de novo inheritance based 

on allele depth (adDNM) and genotype likelihoods (plDNM). Then for each candidate DNM, 

we transformed the probabilities of it being a de novo mutation based on these two methods 

to a phred-scaled error probability (-10*log10(minimum(plDNM,adDNM)). We then defined 

putative DNMs as those with phred-VFDOHG�HUURU�SUREDELOLW\�ื����KDYLQJ�LQWHUQDO�	�JQRP$'�



0$)���������ZLWK�DQ�$OOHOH�4XDOLW\��$4��VFRUH�ุ�����DQG�WKDW�KDG�*4�ุ����LQ�DOO�PHPEHUV�RI�

the trio. Finally, we selected one DNM per gene (worst consequence) per individual. This 

resulted in a dataset of 23,332 DNMs in 13,664 individuals (68% trios with DNMs, average 

rate of 1.15 DNMs per individual). Between 20% and 22% of the probands and siblings carried 

rare synonymous DNMs, compared to 23%-25% in the previous analysis of SPARK12 (WES1), 

suggesting that our DNM callset was of similar quality to the published one. To ensure that 

the sensitivity to identify DNMs was not biased by sample sex, we calculated the odds ratio of 

carrying a rare de novo synonymous (all autosomal genes) or protein-truncating DNM (most-

constrained LOEUF decile) among male versus female siblings, and found that it did not differ 

significantly from one (Figure S3b). 

We also evaluated the transmission of rare variants (MAF < 0.1% in SPARK parents 

and gnomAD) in the same set of trio-sequenced autistic individuals. Similar to DNMs, we 

considered variants remaining after basic variant, genotype and sample QC. In instances 

where a single gene had multiple variants, the variant with the worst consequence was 

retained. We then filtered for heterozygous variants seen in one parent that had a GQ > 25 in 

all three samples in the trio to ensure the transmission ratio of synonymous variants was not 

significantly different from 1. 

 

2.3. Additional filtering of de novo mutations in SPARK 

De novo mutations, especially damaging ones, are typically ultra-rare, usually seen in 

a few individuals or not seen at all in the general population. DNM calling from genotypes (see 

µ����63$5.¶�DERYH��GRHV�QRW�OHYHUDJH�DOOHOH�IUHTXHQFLHV�DV�SULRUV��DQG�LV best coupled with 

stringent allele frequency filtering by removing DNMs seen in more than a few individuals in 

the dataset or in the general population. Given that the ASC DNM dataset was prepared using 

a different pipeline and filtered for rare alleles (MAF < 0.1%), we adopted a similar cutoff in 

SPARK to have comparable call sets, thus facilitating fixed-effect meta-analysis of risk ratios. 

We then performed an additional analysis of ultra-rare DNMs in SPARK to ensure that the 

conclusions are the same in a call-set of high-confidence DNMs.  



 

Figure S3. Odds of carrying a rare synonymous and damaging protein-truncating de novo 

mutation in SPARK trio-sequenced individuals. 

Among 20,236 trios, about 20%-22% of the siblings had a synonymous de novo mutation 

(DNM), and less than 1% had a damaging protein-truncating DNM (a). There was no sex 



difference (measured using odds ratios as shown in b) in the sensitivity of detecting 

synonymous and protein-truncating DNMs among the siblings. The percentage of DNM 

carriers among the probands is shown for comparison. Autistic females without cognitive 

impairment had a slightly higher percentage of synonymous DNM carriers compared to autistic 

males in the same group. See the Supplementary Results (section 4.1.3)  for more details.  

 

To define ultra-rare DNMs, we further dropped DNMs if the individual had more than 

one DNM in the same gene, those seen as de novo in more than 3 individuals in SPARK, 

'10V�ZLWK�0$)�ุ��������LQ�63$5.�SDUHQWV�RU�JQRP$'��DQG�'10V�VHHQ�LQ�JQRP$'�DQG�

two of the three SPARK cohorts of unrelated individuals used for estimating allele frequency 

(probands, siblings, parents). This final dataset included 15,072 ultra-rare DNMs, with an 

average rate of 0.74 ultra-rare DNMs per sample.  

2.4. Matching samples on principal components 

As presented in the main text (Figure 2) and Supplementary Results (Figure S13; 

section 4.1.3), de novo synonymous mutations showed a spurious association with autism 

when comparing autistic females without motor or cognitive impairment to sex-matched 

probands with motor or cognitive impairment or when compared to female siblings. This likely 

reflects the greater diversity among autistic females without motor or cognitive impairment 

(69% of samples with European genetic ancestry) relative to the other two groups (75% of 

VDPSOHV�ZLWK�(XURSHDQ�JHQHWLF�DQFHVWU\�LQ�HDFK��VHH�7DEOH�6��LQ�VHFWLRQ������µ6DPSOH�4&¶� . 

We performed an additional sensitivity analysis of rare and ultra-rare de novo mutation 

enrichment in a stringently matched set of samples to ensure that the results obtained for 

protein-truncating DNMs were not biased. Starting with 1,008 autistic females without 

cognitive impairment (P) and 2,596 female siblings (S) of European genetic ancestry (Table 

S3), we calculated the distance between all pairs of probands and siblings in the first four 

principal components (see section 1.3). Specifically, we subtracted the first four PCA 

eigenvectors for each proband p in P from the eigenvectors of each sibling s in S, then used 

the QRUP�W\SH ´�´�function in R to calculate a Euclidean-type spectral norm representing 

the distance between the two samples in the PC space. We then took the minimum value for 

each sample in P and S, which represents the nearest neighboring sample from the opposite 

FRKRUW��6DPSOHV�ZLWK�ODUJH�YDOXHV�GRQ¶W�KDYH�DQ\�QHLJKERULQJ�VDPSOHV�IURP�WKH�RWKHU�JURXS�

and are likely to be poorly-matched on ancestry. We excluded the outliers on this distance 



metric from the probands and siblings (> 2 median absolute deviations), leaving 868 autistic 

females and 2,235 siblings. See section 4.1.3 of the Supplementary Results for the outcomes 

of DNM enrichment analysis in this subset. 

3. Ultra-rare variants 
A substantial part of the ASC & SPARK datasets is formed of children with sequence 

data from one parent (N=18,816) or without any sequenced parents (N=23,114). Including 

these in analyses could potentially increase power. Specifically, they can be leveraged to 

study ultra-rare inherited alleles (when one parental exome is available) or the average effect 

of a mix of ultra-rare alleles of undetermined origin (case-control analysis), as detailed here. 

Similarly, ultra-rare variants ascertained in individuals without sequencing data from their 

SDUHQWV��µFDVH-FRQWURO¶�FRKRUWV��FDQ�EH�XVHG�WR�VWXG\�WKH�DYHUDJH�HIIHFWV�RI�GDPDJLQJ�de novo 

and inherited variants.   

3.1. Ultra-rare inherited variants in child-parent pairs in SPARK 

To be able to leverage the exome data from parents not sequenced as complete trios 

(Table S3B), we studied the transmission of parental alleles in child-parent pairs, treating trios 

as two separate pairs rather than following the standard approach of comparing the 

transmission of rare variants in trios only. Studying transmission in parent-child pairs when 

sequence data is present from one parent only assumes the parents are not consanguineous 

(therefore unlikely to carry the same ultra-rare variant), and precludes the analysis of variants 

that are low-frequency but not extremely rare (as their transmission status cannot be 

determined reliably). Here, we examined ultra-rare parental alleles seen in one parent, in one 

family, and not seen in gnomAD. These were filtered for high-confidence calls (GQ > 32) to 

balance the transmission rates of synonymous  variants.  

3.2. Case-control variants in the ASC & SPARK 

We evaluated the enrichment & liability of ultra-rare variants in the ASC case-control 

dataset as a supplementary analysis. This dataset contained samples from the Danish 

iPSYCH cohort15 and Swedish PAGES samples.16 The processing and a previous sex-

averaged analysis of these cohorts is described elsewhere.12 Rare variants in iPSYCH were 

GHILQHG� DV� WKRVH� ZLWK� DQ� DOOHOH� FRXQW� ื� �� LQ� WKH� FRPELQHG� VHW� RI� � JQRP$'� QRQ-Finnish 

(XURSHDQV� �QRQSV\FKLDWULF� VXEVHW�� DQG� L36<&+� GDWD� �DOOHOH� IUHTXHQF\� ื� ���������� 5DUH�



YDULDQWV�LQ�3$*(6�ZHUH�GHILQHG�DV�WKRVH�ZLWK�DQ�DOOHOH�FRXQW�ื ���LQ�([$&�U�����QRQSV\FKLDWULF�

VXEVHW��DOOHOH�IUHTXHQF\�ื����������DQG�WKH�DXWLVP�FRKRUW�LQ�6DWWHUVWURP��DOOHOH�IUHTXHQF\�ื��

0.014%). 

For SPARK, we analyzed ultra-rare variant enrichment in the remaining individuals 

(6,646 probands and 2,436 siblings) who did not have sequence data from any parent (Table 

S3C) - and as such were not included in all the previous analyses described above. This 

design approximates the case-control analysis in ASC. Whereas the ASC case-control dataset 

consisted of unrelated individuals, this SPARK sub-cohort included pairs of probands and 

siblings from the same family (like the trio-based analysis). We included variants seen with an 

DOOHOH�IUHTXHQF\�����������LQ�JQRP$'�DQG�63$5.�XQUHODWHG�LQGLYLGXDOV¶�FRKRUWV��WKDW�DUH�

VHHQ�LQ�XS�WR�WKUHH�LQGLYLGXDOV�LQ�WKH�µFDVH-FRQWURO¶�FRKRUW�RI 9,082 individuals remaining after 

QC (allele frequency < 0.015%). We dropped 156 individuals with ultra-rare synonymous 

variants counts exceeding four median absolute deviations (> 33 variants), and compared the 

variant rates in the remaining 8,926 children (6,534 probands versus 2,392 siblings). 

4. Measuring rare variant enrichment 

In summary, we processed exome sequencing data from autism probands, siblings 

and parents from the latest release of SPARK and combined these data with data from the 

SSC and other smaller cohorts previously curated by the ASC. We then evaluated the 

enrichment of synonymous, damaging missense and damaging protein-truncating variants in 

a total of 131,970 individuals encompassing 47,601 autistic probands or autism cases, 25,593 

non-autistic siblings or autism controls, and 59,316 parents (Table S4). Specifically, we 

performed these sex-stratified rare variant enrichment analyses: 

1. Enrichment of de novo and rare inherited alleles in 20,501 autistic trios (versus 

9,223 siblings). 

2. A supplementary analysis over-transmission of ultra-rare variants in 13,435 

autistic individuals and 5,381 siblings with one sequenced parent. 

3. A supplementary case-control analysis of ultra-rare variants in 12,125 autism 

cases/probands versus 10,989 controls/siblings. 
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4.1. Variant rates 

We calculated the de novo and inherited variant rates for synonymous, damaging missense 

and protein-truncating variants (most-constrained LOEUF decile) in each cohort (ASC, 

SPARK) by dividing the total number of variants by the sample size. The 95% Confidence 

Intervals (CI) were estimated in R as follows: 

ϵϱйܫܥ�௪ �ൌ ሺϬǤϬϮϱǡݍݏ݄݅ܿݍ�
η�ܸܽݏݐ݊ܽ݅ݎ

Ϯ� כ �η�ܵܽ݉ݏ݈݁ሻ 

ϵϱйܫܥ�௨ �ൌ ሺϬǤϵϳϱǡݍݏ݄݅ܿݍ� η�௧௦�ା�ϭ
Ϯכ��η�ௌ௦

ሻ  

 

4.2. Sex-stratified comparisons 

4.2.1. De novo mutations 

We used the  ratio between the rate of DNMs in the probands and the siblings (or female and 

male probands in direct comparisons) to evaluate the enrichment of  a specific class of DNMs 

in a gene set or exome-wide:  

�݅ݐܽݎ�݁ݐܽݎ�ܯܰܦ ൌ �
ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�Ȁ�ηݏܾ݀݊ܽݎ�
ηݏ݈ܾ݃݊݅݅ݏ�݊݅�ܯܰܦ��Ȁ�ηݏ݈ܾ݃݊݅݅ݏ�  

To test for significance, we compared the counts DNMs in the probands to the counts in their 

siblings in R: 

binom.test(x= #DNMs_in_probands, n= (#DNMs_in_probands + 
#DNMs_in_siblings), p= #probands/(#probands + #siblings), 
DOWHUQDWLYH ´WZR�VLGHG´� 

 

We note that the measure used to test the relative enrichment in the binomial test is the 

fraction of DNMs in probands among all DNMs.   

�݊݅ݐܿܽݎܨ ൌ �
ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ
ηݏ݈ܾ݃݊݅݅ݏ�݊݅�ܯܰܦ� ൌ �

ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ
η�ܶݏܯܰܦ�݈ܽݐ� െ �ηݏܾ݀݊ܽݎ�݊݅�ݏܯܰܦ� 

It is different from the DNM rate ratio (a risk ratio) between the probands and siblings.  

�݅ݐܴܽ�݁ݐܴܽ ൌ �
ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�� כ ��ηݏ݈ܾ݃݊݅݅ݏ�
ηݏ݈ܾ݃݊݅݅ݏ�݊݅�ܯܰܦ��� כ ��ηݏܾ݀݊ܽݎ� 



Here, we report the enrichment as rate ratios as these are easy to interpret and can be used 

for DNMs, inherited and case-control variants to express fold-enrichment. It is possible to 

convert between the rate ratio and fraction as follows: 

�݅ݐܴܽ�݁ݐܴܽ ൌ �
ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�� כ ��ηݏ݈ܾ݃݊݅݅ݏ�

ሺη�ܶݏܯܰܦ�݈ܽݐ� െ �ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�ሻ כ� ��ηݏܾ݀݊ܽݎ� 

�݅ݐܴܽ�݁ݐܴܽ

ൌ �
ηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�� כ ��ηݏ݈ܾ݃݊݅݅ݏ�

ሺη�ܶݏܯܰܦ�݈ܽݐ� כ ��ηݏܾ݀݊ܽݎ�ሻ �െ��ሺηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�� כ ��ηݏܾ݀݊ܽݎ�ሻ
 

�݅ݐܴܽ�݁ݐܴܽ

ൌ �
ሺηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�Ȁ�η�ܶݏܯܰܦ�݈ܽݐሻ�� כ ��ηݏ݈ܾ݃݊݅݅ݏ�

ηݏܾ݀݊ܽݎ�� െ�� ሺηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�Ȁ�η�ܶݏܯܰܦ�݈ܽݐሻכ� ��ηݏܾ݀݊ܽݎ�
 

�݅ݐܴܽ�݁ݐܴܽ ൌ �
ሺηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�Ȁ�η�ܶݏܯܰܦ�݈ܽݐሻ�� כ ��ηݏ݈ܾ݃݊݅݅ݏ�

ሺϭ� െ �� ሺηݏܾ݀݊ܽݎ�݊݅�ܯܰܦ�Ȁ�η�ܶݏܯܰܦ�݈ܽݐሻ�ሻ�� כ ��ηݏܾ݀݊ܽݎ� 

�݅ݐܴܽ�݁ݐܴܽ ൌ �
�݊݅ݐܿܽݎܨ כ ��ηݏ݈ܾ݃݊݅݅ݏ�

ሺϭ� െ �ሻ݊݅ݐܿܽݎܨ�� כ�� ��ηݏܾ݀݊ܽݎ� 

Although we calculated the rate ratios directly from the observed counts, the above equation 

is useful for estimating the confidence intervals with the same test used to calculate the p-

values; the binomial test returns the upper and lower bounds of the 95% CI of the observed 

fraction. We converted these bounds to equivalent rate ratios by plugging them into this 

formula: 

ܫܥ�݅ݐܽݎ�ܯܰܦ ൌ �
�௧௦௧ܫܥ�݊݅ݐܿܽݎܨ �� כ �ηݏ݈ܾ݃݊݅݅ݏ�

ሺϭ� െ �௧௦௧ሻܫܥ�݊݅ݐܿܽݎܨ� כ� �ηݏܾ݀݊ܽݎ�
 

4.2.2. Over-transmission 

To assess over-transmission in the probands, we calculated the ratio between transmitted 

untransmitted parental alleles: 
�݅ݐܽݎ�݀݁ݐݐ݅݉ݏ݊ܽݎݐȀ�ܷ݊݀݁ݐݐ݅݉ݏ݊ܽݎܶ

ൌ �
ηݏܾ݀݊ܽݎ�݄݁ݐ�ݐ�݀݁ݐݐ݅݉ݏ݊ܽݎݐ�ݏ݈݈݈݁݁ܽ�݈ܽݐ݊݁ݎܽ�

ηݏ݈݈݈݁݁ܽ�݈ܽݐ݊݁ݎܽ�݀݁ݐݐ݅݉ݏ݊ܽݎݐ݊ݑ�  

We then compared the significance of the difference in the counts of transmitted and 

untransmitted alleles: 

binom.test( 
x=#variants_transmitted_to_probands,  
n=#variants_transmitted_to_probands + #untransmitted_variants,  
p=0.5, 
DOWHUQDWLYH ´WZR�VLGHG´� 



We scaled the 95% CIs from the binomial test as follows: 

ǤݐǤȀ�ܷݎܶ �ܫܥ�݅ݐܽݎ ൌ
�௧௦௧ܫܥ�݊݅ݐܿܽݎܨ

�ϭ� െ �௧௦௧ܫܥ�݊݅ݐܿܽݎܨ�
 

4.2.3. Case-control comparisons 

Variants were compared between cases and controls in a similar manner to DNMs, i.e., using 

the sample size to derive the expected fraction of variants in the cases. These case-control 

comparisons are more sensitive to differences in population architecture than comparisons of 

de novo mutations and transmitted-untransmitted alleles. When testing the enrichment of ultra-

rare variants in cases versus controls in a regression framework, synonymous variant counts 

can be used as a covariate along with principal components. When using a binomial test, the 

expected variant rates can be adjusted for population differences by using the synonymous 

variants. Therefore, the damaging variant comparisons were additionally adjusted by the 

synonymous variant counts as follows: 
�݅ݐܽݎ�݁ݐܽݎ�݈ݎݐ݊ܥȀ݁ݏܽܥ

ൌ �
η�݀ܽ݉ܽ݃݅݊݃ݏ݁ݏܽܿ�݊݅�ݏݐ݊ܽ݅ݎܽݒ��Ȁ�ηݏ݁ݏܽܿ�݊݅�ݏݐ݊ܽ݅ݎܽݒ�ݏݑ݉ݕ݊݊ݕݏ�

η�݀ܽ݉ܽ݃݅݊݃ݏ݈ݎݐ݊ܿ�݊݅�ݏݐ݊ܽ݅ݎܽݒ��Ȁ�ηݏ݈ݎݐ݊ܿ�݊݅�ݏݐ݊ܽ݅ݎܽݒ�ݏݑ݉ݕ݊݊ݕݏ� 

binom.test(x= #damaging_in_cases, n= (#damaging_in_cases + 
#damaging_in_ctrls), p= #syn_in_cases/(#syn_in_cases + 
�V\QBLQBFWUOV���DOWHUQDWLYH ´WZR�VLGHG´� 

ܫܥ�݈ݎݐܥȀ݁ݏܽܥ ൌ �
�௧௦௧ܫܥ�݊݅ݐܿܽݎܨ � כ �ηݏ݈ݎݐ݊ܿ�݊݅�ݏݑ݉ݕ݊݊ݕݏ

ሺϭ� െ �௧௦௧ሻܫܥ�݊݅ݐܿܽݎܨ� כ� �ηݏ݁ݏܽܿ�݊݅�ݏݑ݉ݕ݊݊ݕݏ 

 

 

4.3. Sex differences in enrichment 

Sex differences were assessed by comparing autistic females to autistic males in the same 

manner as we compared autistic individuals to their siblings. Rate ratios > 1  indicate higher 

variant rates in autistic females compared to autistic males. To test for significant differences 

in de novo mutation counts, we compared the DNM counts in females and males: 

binom.test(x= #DNMs_in_females,  
n= (#DNMs_in_males + #DNMs_in_females),  
S ��IHPDOHV���PDOHV����IHPDOHV���DOWHUQDWLYH ´WZR�VLGHG´� 
 



ܫܥ�݅ݐܽݎ�ܯܰܦ ൌ �
�௧௦௧ܫܥ�݊݅ݐܿܽݎܨ �� כ �ηݏ݈݁ܽ݉݁ܨ�

ሺϭ� െ �௧௦௧ሻܫܥ�݊݅ݐܿܽݎܨ� כ� �ηݏ݈݁ܽܯ� 

 

For inherited variants, we compared the counts of parental alleles transmitted to females and 

males: 

binom.test(x=#variants_transmitted_to_females,  

n= #variants_transmitted_to_males_or_females, 

p= #all_parental_alleles_in_females/#all_parental_alleles, 

DOWHUQDWLYH ´WZR�VLGHG´� 

ǤݐǤȀܷݎܶ ܫܥ�݅ݐܽݎ ൌ �
�௧௦௧ܫܥ�݊݅ݐܿܽݎܨ � כ �ηݏ݈݂݁ܽ݉݁�݊݅�ݏ݈݈݈݁݁ܽ�݈ܽݐ݊݁ݎܽ�

ሺϭ� െ �௧௦௧�ሻܫܥ�݊݅ݐܿܽݎܨ� כ� �ηݏ݈݁ܽ݉�݊݅�ݏ݈݈݈݁݁ܽ�݈ܽݐ݊݁ݎܽ� 

 

Case-control variants were tested in the same manner as DNMs. 

 

4.4. Meta-analysis between ASC & SPARK cohorts 

We performed a fixed-effect inverse-variance-weighted meta-analysis of the risk ratios (rate 

ratios or transmitted/untransmitted ratios) in ASC & SPARK using metagen function from 

meta package17 in R: 
metagen(sm = "RR", 

fixed = TRUE, 

 studlab = Cohort, 

 TE = Risk_Ratio, 

level.ci = 0.95, 

lower = Risk_Ratio_CIL, 

upper = Risk_Ratio_CIU, 

pval = Risk_Ratio_Pval, 

method.tau = "PM") 

4.5. Correcting for multiple testing 

We adjusted the p-values from each experiment (e.g. 54 tests when performing exome-wide 

enrichment testing) for the Family-wise (Experiment-wise) Error Rate using Bonferroni 

correction. We also performed more lenient adjustment for False Discovery Rate using 

Benjamini-Hochberg method. Both were performed in R: 
 p.adjust(method='bonferroni') 



 p.adjust(method='BH') 

5. Measuring effect sizes on the liability scale 
We compared the change in trait liability for each variant class to reflect the deviation 

from population mean liability that would result from carrying a variant in that class. The relative 

differences in variant frequency between the probands and siblings was converted to Z scores 

on the liability scale, assuming the liability is normally distributed and centered around zero in 

the population. The mathematical derivation is explained in Ref16. Here, we summarize the 

concept behind this procedure for those less familiar with the statistical concepts:  

 

Ɣ In a Liability Threshold Model assuming additive genetic risk that is normally distributed 

in the population, the threshold is the point that forms the boundary of an area under the 

normal distribution curve that is equivalent to the trait prevalence (Figure S4). For 

example, an autism prevalence of 0.025 indicates that the distance between the 

population mean risk and the threshold is 1.96 standardized units, putting 2.5% of the 

population in the right tail.  

Ɣ We can work out the distance (in standardized units) between the population mean (zero, 

given how the model is defined) and the threshold using the inverse of the standard 

QRUPDO�FXPXODWLYH�GLVWULEXWLRQ�IXQFWLRQ��ĭ-1���RU� µnorminvµ� LQ�VKRUW��7KH�WKUHVKROG�LQ�WKH�

population equals the average liability in the population (i.e., zero) + norminv(Prevalence) 

as shown in Figure S4��7KH�LQYHUVH�QRUPDO�IXQFWLRQ�ĭ-1 is implemented in R using the 

function qnorm, which returns the lower tail by default, whereas the prevalence reflects 

the upper tail (fraction of individuals above the threshold). We can get the upper tail by 

SDVVLQJ�DQ�DUJXPHQW�WR�WKH�IXQFWLRQ��µqnorm(Prevalence,lower.tail=FALSE)) or 

simply by using the complement of the prevalence, qnorm(1 - Prevalence). 

Ɣ Now we move to the carriers of a certain class of variants, for instance damaging PTVs. 

The liability in this sub-population can also be approximated by a normal distribution, and 

the mean of this distribution will be the average PTV liability. This average variant liability 

is a measure of the average effect size of PTVs on the liability scale. PTV carriers who 

are autistic will form the upper tail above a certain threshold, and non-autistic PTV carriers 

will be in the lower tail (Figure S4).  

Ɣ Whereas the threshold in the population liability distribution reflects the prevalence in the 

population, the threshold in the PTV liability distribution will reflect autism prevalence 

among PTV carriers in the general population. In accordance with the original derivation 

in 17��ZH�UHIHU�WR�WKLV�IUDFWLRQ�DV�WKH�µSHQHWUDQFH¶�� 



Ɣ Similar to the prevalence, the penetrance is a cumulative density and as such can be 

converted to equivalent standardized units in the PTV liability distribution using the inverse 

QRUPDO� FXPXODWLYH� GHQVLW\� GLVWULEXWLRQ� IXQFWLRQ� �ĭ-1). The threshold here equals the 

(unknown) average PTV liability + norminv(Penetrance). We can get this is R using 

qnorm(1 - Penetrance).  

Ɣ By leveraging the fact that the threshold in both distributions is the same, we can now 

estimate the distance between the population mean (zero) and the  (unknown) mean 

protein-truncating variant liability. As shown in Figure S4, we can write: 

threshold = qnorm(1 - Prevalence) = average PTV liability + qnorm(1 - 
Penetrance) 

Ɣ The prevalence in the general population is a known parameter. Autism is diagnosed in 1 

in 40 male individuals (a prevalence of 2.5% in males), with a 1:4 male-to-female ratio 

(prevalence in females = 0.25 x 2.5% = 0.625%). Previous estimates suggested that about 

one third of autistic individuals in the population have profound deficits with cognitive 

impairment 18,19. Among 11,630 autistic individuals in SPARK who could be classified, ~ 

36% fell in the autism with motor or cognitive impairment group (35% in males & 40% in 

females). For estimating liability, we scaled the sex-specific population prevalence using 

these percentages, i.e., using a prevalence estimate of 0.88% in males (35% x 2.5%) and 

0.25% in females (40% x 0.625%) for liability calculations in the autism with motor or 

cognitive impairment group; for the autism without motor or cognitive impairment group, 

we used a prevalence of 1.62% in males (2.5% - 0.88%) and 0.38% in females (0.625% 

- 0.25%). For directly comparing those with motor or cognitive impairment to those without 

these co-occurring difficulties, we used a prevalence of 0.4 in females and 0.35 in males.  

Ɣ The prevalence among PTV carriers, on the other hand, is not known. We can, however, 

convert the PTV carrier rates in the study cohort to population estimates, and convert 

these population estimates to penetrance estimates. Specifically, the penetrance is the 

ratio between PTV rate among autistic individuals and the overall frequency of PTVs in 

the population. The overall population frequency of PTVs can, in turn, be estimated from 

the study cohort, namely by summing the frequency of PTVs in the probands weighed 

(multiplied) by their fraction in the population (trait prevalence) and the frequency of PTVs 

in the siblings weighed by their relative fraction as well (1 minus the trait prevalence).  

Ɣ Now that we have the prevalence estimates both in the general population and among 

PTV carriers (penetrance), we estimate the average PTV liability as qnorm(1 - 
Prevalence)- qnorm(1 - Penetrance). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4: Estimating rare variant liability from population prevalence and carrier rates of 

variant groups.  

The Liability Threshold Model postulates that risk factors act additively and underlie a normally 

distributed liability distribution in the general population (top), where the threshold determines 

the trait prevalence. When examining carriers of a group of rare variants (bottom), the average 

liability will reflect the effect size of these variants. If the prevalence of the trait among rare 

variant carriers is known, the two distributions can be compared to get an estimate of the 

distance between their means��6HH�WKH�µ9DULDQW�OLDELOLW\¶�VHFWLRQ�IRU�D�GHWDLOHG�GHVFULSWLRQ� 

 

 

 

 



Ɣ The liability stratified by sex was measured in R using these formulas: 

௨௧݁ݐܴܽ ൌ �݈݁ܿ݊݁ܽݒ݁ݎܲ כ ௗ௦݁ݐܴܽ� � ሺϭ� െ ሻ݈݁ܿ݊݁ܽݒ݁ݎܲ� כ�  ௌ௦݁ݐܴܽ�

�݁ܿ݊ܽݎݐ݁݊݁ܲ ൌ ோ௧ುೝ್ೌೞ
�ோ௧ುೠೌ

כ�    ݈݁ܿ݊݁ܽݒ݁ݎܲ�

ܼ ൌ �ሺϭ݉ݎ݊ݍ െ ሻ݈݁ܿ݊݁ܽݒ݁ݎܲ� �െ �ሺϭ݉ݎ݊ݍ െ  ሻ݁ܿ݊ܽݎݐ݁݊݁ܲ�

 

Ɣ The p-values were those obtained from the binomial tests detailed above. The standard 

error, and then the confidence intervals around Z, were estimated from these p-values:  

ܳ ൌ �ሺϭ݉ݎ݊ݍ െ �
݁ݑ݈ܽݒ�ܲ�ݐݏ݁ݐ�݈ܽ݅݉݊݅ܤ

�Ϯ ሻ 

ܧܵ ൌ
ሺܼሻݏܾܽ
ܳ  

ϵϱйܫܥ�� ൌ ܼ� േ�ሺϭǤϵϲ כ  ሻܧܵ�
 

Ɣ The difference between males and females liability estimates was measured as follows: 

ܼ ൌ ܼி௦ �െ ܼெ௦ 

ܧܵ ൌ Ϯܧሺܵݐݎݍݏ�
ி௦  Ϯܧܵ�

ெ௦ሻ 

ܳ ൌ
ሺܼሻݏܾܽ
ܧܵ

 

ܲ ൌ �Ϯ� כ � ሺϭ� െ  ሺܳሻሻ݉ݎ݊

 

Ɣ The inverse-variance-weighted average from both sexes and its confidence interval was 

measured as follows: 

ܼ௧ ൌ ሺ ಷೌೞ
ௌாϮಷೌೞ

 ಾೌೞ
ௌாϮಾೌೞ

ሻ �ൊ�ሺ ϭ
ௌாϮಷೌೞ

 ϭ
ௌாϮಾೌೞ

ሻ   

௧ܧܵ ൌ ϭ� ൊ ሺݐݎݍݏ�
ϭ

Ϯܧܵ
ி௦


ϭ

Ϯܧܵ
ெ௦

ሻ 

ϵϱйܫܥ�௧ �ൌ ܼ௧ �േ�ሺϭǤϵϲ כ  ௧ሻܧܵ�
 

Ɣ The meta-analysis p-YDOXH� ZDV� REWDLQHG� XVLQJ� )LVKHU¶V� PHWKRG� LPSOHPHQWHG� LQ� WKH�

metap package17: 

ܲ௧ ൌ ǣܽݐ݁݉ ǣ ሺ݈݃݉ݑݏ ிܲ௦ǡ ெܲ௦ሻ 

 

Ɣ The p-values for each experiment were corrected for Family-wise Error Rate (Bonferroni 

correction) and False Discovery Rate (Benjamini-Hochberg correction), as shown for the 

risk ratios.  



Ɣ We did an additional analysis in which we removed a set of high confidence autism 

predisposition genes to assess the residual exome-wide liability in unknown risk genes. 

The Simons Foundation Autism Research Initiative (SFARI) database provides curated 

scores for 1,172 genes that reflect the strength of evidence linking each gene to autism 

risk. There are 3,58 autosomal and 47 X-linked SFARI Category 1 (high-confidence) & S 

(syndromic) genes with strong evidence of association with autism (354 autosomal genes 

included in the current analysis cohort after QC). We tested the enrichment of DNMs and 

rare inherited variants after removing these genes as well as in this gene set only.  

 

6. Gene set enrichment 

6.1. Genes with sex-biased expression 

Genes with sex-biased expression in the fetal cortex (FDR < 0.1) were obtained from 

6XSSOHPHQWDU\� 7DEOH�6�� RI� D� VWXG\� E\�2¶%ULHQ� DQG� FROOHDJXHV�20 Autosomal male-biased 

genes (n=856) were defined as those with fold-difference (Male/Female) > 1, and female-

biased genes (n=794) as those with fold-difference < 1. Genes with significant sex-biased 

expression in the adult human cortex (FDR < 0.05) were obtained from Supplementary Table 

S1 of a recent study by Fass and colleagues.21 Autosomal male-biased genes (n=303) were 

defined as those with fold-change in the cortex (logFC_Cortex < 1), and female-biased genes 

(n=426) as those with fold-difference > 1. We note that the genes were limited to autosomal 

genes annotated in our dataset; the FDR cutoffs were those used by the authors in the source 

publications. 

6.2. Gene set enrichment versus matched genes 

For each tested gene set, we selected a matched set (see 6.3) and counted DNMs, 

transmitted and untransmitted variants; we repeated this procedure 10,000 times with 

replacement and took the average ratio (rate ratio between DNM counts in probands and 

siblings or transmitted to untransmitted ratio in the probands); we then used this ratio as the 

expected ratio in a binomial test as described above. Specifically, we tested the difference 

between the rate of DNMs between probands and siblings against the permutation-averaged 

expected ratio for this gene set (instead of the sample size ratio used in the exome-wide 

analyses), and similarly tested rare variant over-transmission against the permutation-

averaged expected transmitted-to-untransmitted ratio for the given gene set (instead of 0.5 as 



used in the exome-wide analysis). We also used the average variant rates across these 

10,000 permutations instead of the rate in siblings to estimate the variant liability attributed to 

a gene set in excess of what is expected for matched genes. 

6.3. Selecting random sets of matching genes 

We followed a procedure similar to that previously used by Ouwenga and Dougherty22 

to select sets of control genes for gene set burden analysis. We used a multi-dimensional 

kernel density estimator (KDE) from the ks package23 in R to select these control genes. First, 

we created a table of features (coding length, brain expression level, and LOEUF bins) and 

used it to build a 3D KDE.  Next, we used the test gene set to build a density distribution and 

evaluated the remaining genes (not in the gene set) on this distribution. We then evaluated 

these remaining genes on a density distribution built using all genes rather than the gene set 

genes. The ratio of the two estimates was then used as a sampling weight. Here we show the 

R code used to implement this: 

 
kde_set_genes = ks::kde( 

x = features_set_genes,  
eval.points = features_remaining_genes 
) 
# feature_x_genes: table gene x length, expr., loeuf 

kde_all_genes = ks::kde( 
x = features_all_genes,  
eval.points = features_remaining_genes 
) 

kde_weights =  kde_set_genes$estimate ÷ kde_all_genes$estimate 
genes_random_idx = sample( 

1:length(remaining_genes),  
length(set_genes),  
prob =kde_weights 
) 

genes_randoms = remaining_genes[genes_random_idx] 
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6XSSOHPHQWDU\ 5HVXOWV

�� '10 DQG LQKHULWHG YDULDQW UDWHV
7KH GH QRYR DQG UDUH LQKHULWHG YDULDQW UDWHV REVHUYHG LQ WKH VLEOLQJV LQ WKH FXUUHQW

63$5. UHOHDVH �L:(6�� ZHUH FRPSDUDEOH WR� DOEHLW VOLJKWO\ ORZHU WKDQ� WKH YDULDQW UDWHV

VHHQ LQ WKH $6& FRKRUW �)LJXUH 6��� 6PDOO GLIIHUHQFHV DUH H[SHFWHG JLYHQ WKH GLIIHUHQW GH

QRYR FDOOLQJ SLSHOLQHV �VHH VHFWLRQ � RI WKH 6XSSOHPHQWDU\ 0HWKRGV�� 7KH UDUH LQKHULWHG

YDULDQW UDWHV �0$)������ LQ 63$5. L:(6� ZHUH KLJKHU WKDQ WKRVH VHHQ LQ WKH $6& FRKRUW

DQG WKLV GLIIHUHQFH ZDV PRVW SURPLQHQW LQ GDPDJLQJ PLVVHQVH YDULDQWV� $YHUDJH UDUH

LQKHULWHG YDULDQW FRXQWV DUH VHQVLWLYH WR SRSXODWLRQ GLIIHUHQFHV� SDUWO\ EHFDXVH GLIIHUHQW

DQFHVWUDO JURXSV GLIIHU LQ WKHLU GHPRJUDSKLF KLVWRULHV DQG KHQFH DOOHOH IUHTXHQF\ VSHFWUD�

DQG DOVR EHFDXVH RI KRZ WKH YDULDQWV DUH ILOWHUHG EDVHG RQ LQ�VDPSOH IUHTXHQFLHV� :KLOH WKH

$6& FRKRUW LV SUHGRPLQDQWO\ (XURSHDQ �FRPSRVHG RI WKH 6LPRQV 6LPSOH[ &ROOHFWLRQ DQG

RWKHU VPDOOHU FRKRUWV�� 63$5. KDV PRUH GLYHUVLW\� EHLQJ RQO\ ��� (XURSHDQ DQFHVWU\ LQ

L:(6� �VHH )LJXUH 6� LQ WKH 6XSSOHPHQWDU\ 0HWKRGV�� 7R KDYH D PRUH LQIRUPDWLYH

FRPSDULVRQ XQFRQIRXQGHG E\ SRWHQWLDO DUWLIDFWXDO GLIIHUHQFHV LQ SURFHVVLQJ� ZH H[SORUHG WKH

YDULDQW UDWHV LQ WKH SUHYLRXVO\ DQDO\]HG 63$5. FRKRUW �3LORW DQG ILUVW VHTXHQFLQJ ZDYH

:(6�� ��� (XURSHDQ DQFHVWU\�� ZKLFK ZDV SURFHVVHG XVLQJ WKH VDPH SLSHOLQH DV WKH $6&�

7KH UDUH LQKHULWHG YDULDQW UDWHV LQ 63$5. 3LORW�:(6� ZHUH DOVR KLJKHU WKDQ LQ $6& �)LJXUH

6��� 7KLV VXJJHVWV WKDW WKHVH GLIIHUHQFHV LQ UDUH YDULDQW UDWHV DUH D UHIOHFWLRQ RI WKH GLYHUVH

JHQHWLF DQFHVWU\ RI 63$5. VDPSOHV PRUH VR WKDQ PHUH WHFKQLFDO GLIIHUHQFHV� 8OWUD�UDUH

YDULDQW UDWHV �L�H� VHHQ LQ RQH SDUHQW LQ WKH GDWDVHW� DEVHQW IURP JQRP$'� LQ WKH UHPDLQLQJ

FRKRUWV �RQH VHTXHQFHG SDUHQW� ZLWKRXW VHTXHQFHG SDUHQWV� DUH VKRZQ LQ )LJXUH 6��



)LJXUH 6�� 5DUH GH QRYR DQG LQKHULWHG YDULDQW UDWHV LQ WKH $6& 	 63$5. WULR�VHTXHQFHG

FRKRUWV�

D� 'H QRYR PXWDWLRQ UDWHV LQ WKH SUREDQGV �SURE�� DQG VLEOLQJV �VLE�� LQ WKH $XWLVP

6HTXHQFLQJ &RQVRUWLXP �$6&� FRKRUW DQG WKH 6LPRQV )RXQGDWLRQ 3RZHULQJ $XWLVP

5HVHDUFK IRU .QRZOHGJH �63$5.� FRKRUW� E� &RXQWV RI WUDQVPLWWHG �7� DQG XQWUDQVPLWWHG �8�
SDUHQWDO DOOHOHV DW UDUH YDULDQWV �0$)������� 7KH $6& DQG 63$5. L:(6� ZHUH XVHG IRU

WKH HQULFKPHQW DQDO\VLV� 63$5. 3LORW�:(6� LV VKRZQ IRU FRPSDULVRQ� DV LW ZDV SURFHVVHG

XVLQJ WKH VDPH SLSHOLQH XVHG IRU WKH $6&� 7KH SHGLJUHHV DW WKH WRS VKRZ WKH VDPSOH VL]H

XVHG IRU FDOFXODWLQJ GH QRYR UDWHV LQ HDFK FRKRUW �VDPSOH VL]H IRU LQKHULWHG YDULDQWV JLYHQ

EHWZHHQ EUDFNHWV DV VRPH LQGLYLGXDOV LQ WKH $6& FRKRUW GLG QRW KDYH LQIRUPDWLRQ RQ

LQKHULWHG DOOHOHV�� 7KH HUURU EDUV LQGLFDWH WKH ��� FRQILGHQFH LQWHUYDOV RI WKH FDUULHU UDWHV�



)LJXUH 6� 8OWUD�UDUH LQKHULWHG DQG FDVH�FRQWURO YDULDQW UDWHV LQ WKH UHPDLQLQJ FRKRUWV�

D� 7KH WUDQVPLVVLRQ UDWHV RI XOWUD�UDUH SDUHQWDO DOOHOHV �VHHQ LQ RQH SDUHQW DQG QRW LQ

JQRP$'� LQ SUREDQGV DQG VLEOLQJV ZLWK H[RPH GDWD IURP RQH SDUHQW LQ WKH 6LPRQV

)RXQGDWLRQ 3RZHULQJ $XWLVP 5HVHDUFK IRU .QRZOHGJH �63$5.� FRKRUW� 7UDQVPLVVLRQ UDWHV

RI XOWUD�UDUH YDULDQWV LQ WULR�VHTXHQFHG SUREDQGV DQG VLEOLQJV DUH VKRZQ IRU FRPSDULVRQ� E�
8OWUD�UDUH YDULDQWV �DOOHOH IUHTXHQF\ � ������� LQ DXWLVP FDVHV DQG FRQWUROV IURP WKH $XWLVP

6HTXHQFLQJ &RQVRUWLXP �$6&� FDVH�FRQWURO FRKRUWV DQG SUREDQGV DQG VLEOLQJV IURP 63$5.

ZKR GLG QRW KDYH SDUHQWDO VHTXHQFH GDWD� 7KH SHGLJUHHV VKRZ WKH VH[�VWUDWLILHG VDPSOH VL]H

LQ HDFK FRKRUW� 7KH HUURU EDUV LQGLFDWH WKH ��� FRQILGHQFH LQWHUYDOV RI WKH FDUULHU UDWHV�



�� 6H[ GLIIHUHQFHV LQ DXWLVP OLNHOLKRRG FRQIHUUHG E\

H[RPH�ZLGH UDUH YDULDQWV
+HUH ZH GHVFULEH LQ PRUH GHWDLO WKH UHVXOWV VKRZQ LQ )LJXUH ��

���� 'H QRYR PXWDWLRQV

����� 'DPDJLQJ SURWHLQ�WUXQFDWLQJ '10V

'DPDJLQJ SURWHLQ�WUXQFDWLQJ '10 UDWHV LQ DXWLVWLF PDOHV ZHUH WKUHH WLPHV KLJKHU

WKDQ VH[�PDWFKHG VLEOLQJV� DQG ZHUH FRPSDUDEOH LQ 63$5. DQG $6&� ZH IRXQG D ���

IROG�HQULFKPHQW LQ 63$5. ���� &,  � � ���� S  ���[������ %RQIHUURQL�FRUUHFWHG S  ���[�����

DQG D ��� IROG�HQULFKPHQW LQ $6& ���� &,  ��� � ��� � S  ���[����� %RQIHUURQL�FRUUHFWHG S  

���[������ 7KH HQULFKPHQW LQ IHPDOHV YHUVXV VH[�PDWFKHG VLEOLQJV ZDV VOLJKWO\ VWURQJHU LQ

63$5. �ULVN UDWLR  ���� ��� &,  ��� � ���� S  ���[������ %RQIHUURQL�FRUUHFWHG S  ���[������

DQG PXFK PRUH SURQRXQFHG LQ WKH $6& �ULVN UDWLR  ���� ��� &,  ��� � ���� � S  ���[������

%RQIHUURQL�FRUUHFWHG S  ���[������� 7KH PRVW QRWDEOH VH[ GLIIHUHQFH ZDV VHHQ LQ GH QRYR

GDPDJLQJ 379 UDWHV LQ WKH $6& FRKRUW� ZKHUH '10V UDWHV LQ DXWLVWLF IHPDOHV ZHUH ���

WLPHV KLJKHU WKDQ DXWLVWLF PDOHV ���� &,  ��� � ���� S  ���[����� %RQIHUURQL�FRUUHFWHG S  

���[������ 7KH GLIIHUHQFH LQ 63$5. ZDV ORZHU �ULVN UDWLR  ���� ��� &,  � � ���� DQG

VLJQLILFDQW RQO\ EHIRUH FRUUHFWLRQ IRU PXOWLSOH WHVWLQJ �S  ������

2Q WKH OLDELOLW\ VFDOH� GH QRYR GDPDJLQJ 379V LQFUHDVHG WKH OLDELOLW\ E\ ��� VWDQGDUG

GHYLDWLRQ XQLWV LQ 63$5. � VLPLODUO\ IRU ERWK VH[HV ���� &,� ��� � ��� � %RQIHUURQL�FRUUHFWHG S

� �[������ ,Q WKH $6& FRKRUW� WKH\ DOVR LQFUHDVHG WKH OLDELOLW\ E\ ��� XQLWV LQ PDOHV ���� &,  

��� � ���� %RQIHUURQL�FRUUHFWHG S  �[������ DQG FDXVHG D ODUJHU VKLIW LQ IHPDOHV �=  �����

��� &,  ��� � ��� � %RQIHUURQL�FRUUHFWHG S  ���[������� DOEHLW QRW VLJQLILFDQWO\ GLIIHUHQW IURP

PDOHV �S  ������ 6)$5, JHQHV VKRZHG WKH VDPH JHQHUDO SDWWHUQV RI SURWHLQ�WUXQFDWLQJ '10

HQULFKPHQW ZLWK ODUJHU HIIHFW VL]HV� 6LPLODU SDWWHUQV ZHUH REVHUYHG ZKHQ UHPRYLQJ WKHVH

NQRZQ DXWLVP SUHGLVSRVLWLRQ JHQHV� ZLWK FRQVLGHUDEO\ ORZHU HIIHFW VL]HV �)LJXUH 6�D�� :H

QRWH KHUH WKDW WKH GLVFRYHU\ RI 6)$5, JHQHV ZDV EDVHG� LQ SDUW� RQ WKHVH GDWDVHWV�

����� 'DPDJLQJ PLVVHQVH '10V

'DPDJLQJ PLVVHQVH PXWDWLRQV VKRZHG FRPSDUDEOH HQULFKPHQW LQ IHPDOHV YHUVXV

VLEOLQJV LQ 63$5. �ULVN UDWLR  �� ��� &,  ��� � ��� � S  �[����� %RQIHUURQL�FRUUHFWHG S  

���[����� DQG $6& �ULVN UDWLR  ���� ��� &,  ��� � ���� S  �������� %RQIHUURQL�FRUUHFWHG S  

�������� 7KH HQULFKPHQW LQ PDOHV ZDV VOLJKWO\ KLJKHU LQ WKH $6& �ULVN UDWLR  ���� ��� &,  



��� � ��� � S  �[����� %RQIHUURQL�FRUUHFWHG S  ���[����� EXW FRQVLGHUDEO\ ORZHU LQ 63$5.

�ULVN UDWLR  ���� ��� &,  � � ��� � S  ����� QRW VLJQLILFDQW DIWHU )'5 RU %RQIHUURQL

FRUUHFWLRQ�� ,Q WHUPV RI GLUHFW FRPSDULVRQV� GDPDJLQJ PLVVHQVH '10V ZHUH VOLJKWO\ PRUH

IUHTXHQW LQ DXWLVWLF IHPDOHV YHUVXV DXWLVWLF PDOHV LQ 63$5. �ULVN UDWLR  ��� � ��� � ���� S  

������� )'5�DGMXVWHG S  ������ )'5�DGMXVWHG S  � %RQIHUURQL�FRUUHFWHG S  ����� EXW GLG

QRW VKRZ D VLJQLILFDQW VH[ GLIIHUHQFH LQ $6& �S  ������

)HPDOHV LQ ERWK $6& DQG 63$5. KDG FRPSDUDEOH YDULDQW OLDELOLW\ DWWULEXWHG WR

GDPDJLQJ PLVVHQVH '10V �$6&  ����� ��� &,  ���� � ���� 63$5.  ����� ��� &,  ����

� ����� %RQIHUURQL�FRUUHFWHG S � ��������� ,Q PDOHV� WKHVH PLVVHQVH '10V VKRZHG GLIIHUHQW

HVWLPDWHV EHWZHHQ $6& �=  ����� ��� &,  ���� � ����� DQG 63$5. ����� XQLWV� ��� &,  

����� � ������ DQG WKLV GLIIHUHQFH EHWZHHQ FRKRUWV ZDV VLJQLILFDQW �='LIIHUHQFH  ����� ��� &,�

���� � ����� S  �������� ,Q WHUPV RI VH[ GLIIHUHQFHV� GDPDJLQJ PLVVHQVH '10V KDG VLPLODU

DYHUDJH OLDELOLW\ LQ $6& EXW VLJQLILFDQWO\ ORZHU OLDELOLW\ LQ PDOHV LQ 63$5. �='LIIHUHQFH  ������

��� &,� ����� � ������ S  ������ )'5�DGMXVWHG S  ������ %RQIHUURQL�FRUUHFWHG S  ������

+RZHYHU� WKHVH VH[�VWUDWLILHG HVWLPDWHV ZHUH PRUH FRQJUXHQW EHWZHHQ PDOHV DQG IHPDOHV

ZKHQ H[DPLQLQJ XOWUD�UDUH '10V �VHH ��� EHORZ�� VXJJHVWLQJ WKDW WKH HIIHFW VL]HV DUH LQGHHG

VLPLODU� 7KLV LV LQ OLQH ZLWK WKH ILQGLQJV IURP PHWD�DQDO\VLV� ZKHUH WKH HVWLPDWHV ZHUH QRW

VLJQLILFDQWO\ GLIIHUHQW EHWZHHQ PDOHV DQG IHPDOHV �)LJXUH �E�� $V VHHQ ZLWK

SURWHLQ�WUXQFDWLQJ 379V� GDPDJLQJ PLVVHQVH '10V LQ 6)$5, JHQHV DQG WKH UHPDLQLQJ

DXWRVRPDO JHQHV VKRZHG VLPLODU SDWWHUQV FRPSDUHG WR WKDW REWDLQHG ZLWK H[RPH�ZLGH

DQDO\VLV� ZLWK ODUJHU DQG VPDOOHU HIIHFW VL]HV� UHVSHFWLYHO\ �)LJXUH 6���

����� 6\QRQ\PRXV '10V

:H QRWH WKDW UDUH V\QRQ\PRXV '10V VKRZHG D VPDOO EXW VLJQLILFDQW OLDELOLW\ LQ DXWLVWLF

IHPDOHV LQ 63$5. �=  ������ ��� &,  ���� � ������ S  ������ )'5�DGMXVWHG S  �������

7KLV OLNHO\ UHIOHFWV WKH KLJKHU JHQHWLF GLYHUVLW\ LQ DXWLVWLF IHPDOHV ���� LQGLYLGXDOV RI

(XURSHDQ JHQHWLF DQFHVWU\� FRPSDUHG WR VH[�PDWFKHG VLEOLQJV ���� LQGLYLGXDOV RI (XURSHDQ

JHQHWLF DQFHVWU\�� 7KLV LPEDODQFH� KRZHYHU� GLG QRW SHUVLVW DIWHU PHWD�DQDO\]LQJ WKH WZR

FRKRUWV �=  ������ ��� &,  ������ � ������ S  ������� $ VWULQJHQWO\�GHILQHG VHW RI

XOWUD�UDUH '10V LQ 63$5. �DOOHOH IUHTXHQF\ � ������� VKRZHG ZHOO�EDODQFHG V\QRQ\PRXV

PXWDWLRQ FRXQWV EHWZHHQ IHPDOH SUREDQGV DQG VH[�PDWFKHG VLEOLQJV ZKLOH KDYLQJ WKH VDPH

SURWHLQ�WUXQFDWLQJ '10 OLDELOLW\ �VHH ����� DQG )LJXUH 6� EHORZ�� 7KHUHIRUH� LW LV XQOLNHO\ WKDW

WKH PHWD�DQDO\]HG HVWLPDWHV RI GDPDJLQJ '10 OLDELOLW\ SUHVHQWHG LQ )LJXUH � DUH ELDVHG�



)LJXUH 6�� (QULFKPHQW RI GH QRYR PXWDWLRQV LQ 6)$5, JHQHV YHUVXV DOO RWKHU JHQHV�

6H[�VWUDWLILHG GH QRYR PXWDWLRQ UDWH UDWLRV �OHIW� DQG OLDELOLW\ �ULJKW� �VHH 0HWKRGV� LQ 6)$5,

JHQHV �D� DQG DOO RWKHU JHQHV �E�� )RU VH[ GLIIHUHQFHV� D UDWH UDWLR ! � LQGLFDWHV WKDW IHPDOHV
VKRZ D KLJKHU HQULFKPHQW� D = VFRUH ! � LQGLFDWHV WKDW IHPDOHV VKRZ D KLJKHU HIIHFW VL]H RQ

WKH OLDELOLW\ VFDOH�(UURU EDUV VKRZ ��� FRQILGHQFH LQWHUYDOV� 6LPLODU WR )LJXUH �E�

����� 8OWUD�UDUH GH QRYR PXWDWLRQV LQ 63$5.

$OPRVW DOO SURWHLQ�WUXQFDWLQJ '10V DQG PRVW GDPDJLQJ PLVVHQVH '10V ZHUH

XOWUD�UDUH� ZKHUHDV RQO\ KDOI RI WKH V\QRQ\PRXV YDULDQWV ZHUH LQ WKLV JURXS �)LJXUH 6���

&RQVHTXHQWO\� WKH OLDELOLW\ RI XOWUD�UDUH DQG UDUH SURWHLQ�WUXQFDWLQJ '10V ZHUH VLPLODU� WKH

OLDELOLW\ RI XOWUD�UDUH GDPDJLQJ PLVVHQVH '10V LQ PDOHV �=  ����� ��� &,  ���� � ����� S  

������� ZDV KLJKHU WKDQ WKDW VHHQ ZLWK UDUH PLVVHQVH '10V �=  ����� ��� &,  ����� �

����� S  ������ 7KHUH ZDV QR VLJQLILFDQW VH[ GLIIHUHQFH LQ XOWUD�UDUH '10 OLDELOLW\ �S  ������

LQ FRQWUDVW WR ZKDW LV VHHQ ZLWK UDUH '10V �S  ������� 8OWUD�UDUH V\QRQ\PV '10V ZHUH QRW

HQULFKHG LQ WKH SUREDQGV YHUVXV VLEOLQJV� QRU GLG WKH\ VKRZ D VLJQLILFDQW VH[ GLIIHUHQFH�

$OO LQ DOO� WKLV DQDO\VLV VKRZHG D VWURQJHU HQULFKPHQW LQ XOWUD�UDUH GDPDJLQJ '10V

DORQJ ZLWK EHWWHU�EDODQFHG XOWUD�UDUH V\QRQ\PRXV '10 EXUGHQ� ZKLFK VXJJHVWV WKDW WKH



LPEDODQFH LQ V\QRQ\PRXV '10V VHHQ LQ WKH UDUH YDULDQW DQDO\VLV LV QRW DFFRPSDQLHG E\ DQ

LQIODWLRQ RI WKH HVWLPDWHV IRU GDPDJLQJ PXWDWLRQV SDUWLFXODUO\ SURWHLQ�WUXQFDWLQJ PXWDWLRQV�

ZKLFK VKRZHG HTXDO RU UDWKHU KLJKHU ULVN UDWLRV LQ XOWUD�UDUH '10 FRPSDUHG WR UDUH '10V�

)LJXUH 6�� (QULFKPHQW RI XOWUD�UDUH GH QRYR PXWDWLRQV LQ 63$5. WULR�VHTXHQFHG LQGLYLGXDOV�

D� 5DWHV RI XOWUD�UDUH GH QRYR PXWDWLRQV �'10� �ILOOHG EDUV� FRPSDUHG WR DOO UDUH '10V

�GRWWHG OLQHV�� 0RVW GDPDJLQJ SURWHLQ�WUXQFDWLQJ DQG PLVVHQVH GH QRYR PXWDWLRQV �'10V�

ZHUH XOWUD�UDUH FRPSDUHG WR DERXW KDOI RI WKH V\QRQ\PRXV '10V� E� 8OWUD�UDUH '10 UDWH

UDWLRV EHWZHHQ SUREDQGV DQG VLEOLQJV� FRPSDUHG WR UDUH '10V� F� 7KH OLDELOLW\ RI XOWUD�UDUH

DQG UDUH '10V� 7KHUH ZDV QR VLJQLILFDQW GLIIHUHQFH LQ WKH DYHUDJH OLDELOLW\ RI XOWUD�UDUH



V\QRQ\PRXV '10� LQ FRQWUDVW WR WKH GLIIHUHQFH VHHQ LQ UDUH '10V� (UURU EDUV VKRZ ���

FRQILGHQFH LQWHUYDOV�

���� ,QKHULWHG YDULDQWV

������ 'DPDJLQJ SURWHLQ�WUXQFDWLQJ YDULDQWV

'DPDJLQJ 379V VKRZHG HYLGHQFH RI RYHU�WUDQVPLVVLRQ IURP QRQ�DXWLVWLF SDUHQWV WR

DXWLVWLF LQGLYLGXDOV LQ 63$5. RQO\ � ERWK WR IHPDOH �WUDQVPLVVLRQ UDWLR  ��� � ��� &,  ��� �

���� S  �������� %RQIHUURQL�FRUUHFWHG S  ������� DQG PDOHV �7�8  ����� ��� &,  ���� �

���� S  �[����� %RQIHUURQL�FRUUHFWHG S  ���[������ 6LPLODU WR WKH REVHUYHG RYHU�WUDQVPLVVLRQ

SDWWHUQV� LQKHULWHG GDPDJLQJ 379V FRQYH\HG DSSUR[LPDWHO\ WKH VDPH OLDELOLW\ LQ PDOHV �=  

����� XQLWV� ��� &,  ����� � ����� DQG IHPDOHV �=  ������ ��� &,  ���� � ������

7KHUH ZDV VWLOO D VLJQLILFDQW RYHU�WUDQVPLVVLRQ DQG LQKHULWHG OLDELOLW\ LQ 63$5. ZKHQ

H[FOXGLQJ 6)$5, JHQHV� VXJJHVWLQJ WKDW D VXEVWDQWLDO SRUWLRQ RI WKH JHQHV GULYLQJ WKLV

DVVRFLDWLRQ DUH QRW LQ WKH 6)$5, JHQH VHW� ,Q SDUWLFXODU� IHPDOHV VKRZHG VLJQLILFDQW

RYHU�WUDQVPLVVLRQ LQ WKH UHPDLQLQJ JHQHV UDWKHU WKDQ 6)$5, JHQHV� ZKHUHDV PDOHV VKRZHG

VLJQLILFDQW RYHU�WUDQVPLVVLRQ LQ ERWK� ,Q WKH $6&� RQO\ 6)$5, JHQHV VKRZHG VLJQLILFDQW 379

RYHU�WUDQVPLVLVRQO� ERWK LQ PDOHV DQG LQ IHPDOHV� 7KHVH ILQGLQJV DUH VKRZQ LQ )LJXUH 6��

8OWUD�UDUH LQKHULWHG 379V DVFHUWDLQHG LQ D FRKRUW RI DXWLVWLF SUREDQGV ZLWK VHTXHQFH

GDWD IURP D VLQJOH SDUHQW LQ IHPDOHV �7�8  ���� ��� &,  ���� � ���� � S  ������

)'5�DGMXVWHG S  ����� %RQIHUURQL�FRUUHFWHG S  ����� DQG PDOHV �7�8  ����� ��� &,  

���� � ����� S  �������� )'5�DGMXVWHG S  ������� %RQIHUURQL�FRUUHFWHG S  ��������

$FFRUGLQJO\� WKHVH YDULDQWV FRQYH\HG VLPLODU OLDELOLWLHV LQ IHPDOHV �=  ������ ��� &,  �����

� ����� DQG PDOHV �=  ����� ��� &,  ����� � ������ 7KH HIIHFW VL]H RI XOWUD�UDUH 379V ZHUH

VLPLODU LQ WULR�VHTXHQFHG SUREDQGV� DOEHLW VOLJKWO\ OHVV SURPLQHQW LQ PDOHV �)LJXUH 6��D��

������ 'DPDJLQJ PLVVHQVH YDULDQWV

'DPDJLQJ PLVVHQVH YDULDQWV VKRZHG FRPSDUDEOH RYHU�WUDQVPLVVLRQ WR DXWLVWLF PDOHV

EXW QRW WR IHPDOHV LQ ERWK FRKRUWV� WKH WUDQVPLVVLRQ UDWLRV ZHUH VLJQLILFDQWO\ KLJKHU WKDQ � LQ

DXWLVWLF PDOHV LQ $6& �7�8  ����� ��� &,  ���� � ����� S  �������� %RQIHUURQL�FRUUHFWHG S

 ������ DQG LQ 63$5. �7�8  ����� ��� &,  ���� � ����� S  ���[����� %RQIHUURQL�FRUUHFWHG

S  ������ EXW QRW LQ IHPDOHV LQ ERWK �7�8 LQ $6&  ����� ��� &,  ���� � ����� S  ����� 7�8

LQ 63$5.  ����� ��� &,  ���� � ����� S  ������ 'HVSLWH WKLV GLIIHUHQFH LQ VH[�VWUDWLILHG

HVWLPDWHV� WKHUH ZDV QR VWDWLVWLFDOO\ VLJQLILFDQW RYHU�WUDQVPLVVLRQ LQ DXWLVWLF IHPDOHV ZKHQ

FRPSDUHG GLUHFWO\ WR DXWLVWLF PDOHV �7�8 LQ $6&  ����� ��� &,  ���� � ����� S  ����� 7�8

LQ 63$5.  ����� ��� &,  ���� � ����� S  ������



7KH FRKRUW�OHYHO OLDELOLW\ DWWULEXWHG WR LQKHULWHG GDPDJLQJ PLVVHQVH YDULDQWV PLUURUHG

WKH RYHU�WUDQVPLVVLRQ SDWWHUQV� ZKHUH LW ZDV VLJQLILFDQW LQ PDOHV LQ $6& �=  ������ ��� &,

 ����� � ������ DQG 63$5. �=  � ��� &,  ����� � ������� EXW QRW IHPDOHV� ZLWKRXW D

VLJQLILFDQW VH[ GLIIHUHQFH �S ! ������� $V QRWHG LQ WKH PDLQ WH[W� WKLV VH[ GLIIHUHQFH ZDV

QRPLQDOO\ VLJQLILFDQW LQ WKH PHWD�DQDO\]HG FRKRUW �)LJXUH ��� 7KH OLDELOLW\ DWWULEXWHG WR

LQKHULWHG GDPDJLQJ PLVVHQVH YDULDQWV LQ 6)$5, JHQHV GLG QRW GLIIHU VLJQLILFDQWO\ IURP WKH

SRSXODWLRQ PHDQ� &RQVHTXHQWO\� WKH OLDELOLW\ LQ WKH UHPDLQLQJ JHQHV PLUURUHG WKDW VHHQ

H[RPH�ZLGH �)LJXUH 6���

)LJXUH 6�� 2YHU�WUDQVPLVVLRQ RI UDUH LQKHULWHG YDULDQWV LQ 6)$5, JHQHV�

2YHU�WUDQVPLVVLRQ �OHIW� DQG OLDELOLW\ �ULJKW� RI UDUH LQKHULWHG YDULDQWV LQ 6)$5, JHQHV �D�
YHUVXV DOO RWKHU JHQHV �E� �VHH 0HWKRGV�� (UURU EDUV VKRZ ��� FRQILGHQFH LQWHUYDOV� 6LPLODU

WR )LJXUH �F�

:KHQ HYDOXDWLQJ XOWUD�UDUH YDULDQWV LQ WKH UHPDLQLQJ FKLOG�SDUHQW SDLUV �)LJXUH 6����

GDPDJLQJ PLVVHQVH YDULDQWV VKRZHG RYHU�WUDQVPLVVLRQ WR IHPDOHV �7�8  ����� ��� &,  



����� � ����� S  ������ )'5�DGMXVWHG S  ����� %RQIHUURQL�FRUUHFWHG S  �� EXW QRW PDOHV

�7�8  ������ ��� &,  ����� � ������ S  ������ 7KLV ZDV GLIIHUHQW IURP XOWUD�UDUH YDULDQWV LQ

WULR�VHTXHQFHG SUREDQGV� LQ ZKRP WKHVH YDULDQWV ZHUH RYHU�WUDQVPLWWHG WR PDOHV �7�8  

������ ��� &,  ������ � ������ S  ������ )'5�DGMXVWHG S  ����� %RQIHUURQL�FRUUHFWHG S  

�� EXW QRW IHPDOHV �7�8  ������ ��� &,  ���� � ����� S  ������ WKLV ZDV VKRZQ DERYH IRU

UDUH YDULDQWV LQ WKH VDPH LQGLYLGXDOV� $V D FRQVHTXHQFH� WKH OLDELOLW\ ZDV VLJQLILFDQWO\ KLJKHU

WKDQ ]HUR LQ IHPDOHV LQ WKH RQH FRKRUW �=  ������ ��� &,  ������ � ������ DQG LQ PDOHV LQ

WKH RWKHU �=  ������ ��� &,  ������� � ������� EXW QRW VLJQLILFDQWO\ KLJKHU WKDQ ]HUR LQ D

PHWD�DQDO\VLV RI WKH WZR �,Q PDOHV� =  ������ ��� &,  �������� � ������ S  ����� ,Q

IHPDOHV� =  ����� � ��� &,  �������� � ������ S  ������ 7KHUH ZDV QR VLJQLILFDQW VH[

GLIIHUHQFH LQ DQ\ RI WKHVH XOWUD�UDUH YDULDQW FRPSDULVRQV� 6LEOLQJV VKRZHG QRPLQDO

XQGHU�WUDQVPLVVLRQ RI 379V WKDW ZDV QRW VLJQLILFDQWO\ GLIIHUHQW IURP ]HUR RQ WKH OLDELOLW\ VFDOH

�)LJXUH 6��E��

)LJXUH 6��� 2YHU�WUDQVPLVVLRQ RI XOWUD�UDUH LQKHULWHG YDULDQWV LQ 63$5.�

2YHU�WUDQVPLVVLRQ RI XOWUD�UDUH YDULDQWV �L�H� VHHQ LQ RQH SDUHQW LQ WKH GDWDVHW� DEVHQW IURP

JQRP$'� ZDV VWXGLHG LQ FKLOG�SDUHQW SDLUV ZLWK RQH �GXRV� RU WZR VHTXHQFHG SDUHQWV �WULRV��

WKHQ PHWD�DQDO\]HG� 7KLV DQDO\VLV ZDV SHUIRUPHG LQ SUREDQGV �D� DQG VLEOLQJV �E�� (UURU



EDUV VKRZ ��� FRQILGHQFH LQWHUYDOV� 6HH )LJXUH �F IRU RYHU�WUDQVPLVVLRQ DQDO\VLV RI UDUH

�0$)������ YDULDQWV�

������ 6\QRQ\PRXV YDULDQWV

,QKHULWHG SDUHQWDO DOOHOH FRXQWV LQ 63$5. ZHUH QRW VLJQLILFDQWO\ GLIIHUHQW IURP

XQWUDQVPLWWHG DOOHOHV �)LJXUH �F�� 7KHUH ZDV DQ LPEDODQFH LQ WUDQVPLWWHG DQG XQWUDQVPLWWHG

V\QRQ\PRXV YDULDQWV LQ DXWLVWLF PDOHV LQ WKH $6& FRKRUW �7UDQVPLWWHG DOOHOHV  ��������

8QWUDQVPLWHG  �������� 5DWH UDWLR  ������� FRUUHVSRQGLQJ WR D VPDOO HIIHFW VL]H RQ WKH

OLDELOLW\ VFDOH �=  ������� ��� &,  ������ � ������ S  ����[����� %RQIHUURQL�FRUUHFWHG S  

�������� 7KLV GLIIHUHQFH LV OLNHO\ WR EH GXH WR WKH JUHDWHU VHQVLWLYLW\ WR FDOO UDUH YDULDQWV WKDW

DUH WUDQVPLWWHG �L�H� RFFXU DW OHDVW WZLFH LQ WKH GDWDVHW� WKDQ WKRVH WKDW DUH QRW WUDQVPLWWHG� ,W

ZDV SHUVLVWHQW DIWHU PHWD�DQDO\VLV DFURVV FRKRUWV EXW ZDV H[WUHPHO\ VPDOO �=  ������� ���

&,  ������� � ������� S  ������� %RQIHUURQL�FRUUHFWHG S  ������� DQG WKXV XQOLNHO\ WR

KDYH PDMRU LPSOLFDWLRQV IRU WKH NH\ FRQFOXVLRQV�

���� 8OWUD�UDUH YDULDQWV LQ FDVHV DQG FRQWUROV

&DVH�FRQWURO FRKRUWV �LQFOXGLQJ LQGLYLGXDOV UHFUXLWHG LQ IDPLO\�EDVHG VWXGLHV EXW

FXUUHQWO\ ZLWKRXW VHTXHQFLQJ GDWD IURP WKHLU SDUHQWV� IRUP D VXEVWDQWLDO SRUWLRQ RI DYDLODEOH

DXWLVP FRKRUWV� 7KHVH FRQVWLWXWH YDOXDEOH LQGHSHQGHQW GDWDVHWV WR VWXG\ VH[ GLIIHUHQFHV LQ

WKH HQULFKPHQW RI XOWUD�UDUH YDULDQWV� 7R OHYHUDJH WKHVH GDWD� ZH FRPSDUHG WKH HQULFKPHQW

RI XOWUD�UDUH YDULDQWV LQ ������ DXWLVWLF LQGLYLGXDOV YHUVXV ������ FRQWUROV RU VLEOLQJV QRW

GLDJQRVHG ZLWK DXWLVP �)LJXUH 6�E�� 7KLV DQDO\VLV VKRZHG VLJQLILFDQW HQULFKPHQW DQG OLDELOLW\

DWWULEXWHG WR GDPDJLQJ 379V� DQG WR D OHVVHU H[WHQW GDPDJLQJ PLVVHQVH YDULDQWV� ZLWKRXW

VLJQLILFDQW VH[ GLIIHUHQFHV �)LJXUH 6���� 6LQFH WKH PRGH RI LQKHULWDQFH RI DOOHOHV LQ WKHVH

FRKRUWV LV XQNQRZQ� WKLV DQDO\VLV FDSWXUHV WKH FRPELQHG HIIHFW VL]H RI GH QRYR PXWDWLRQV

DQG LQKHULWHG YDULDQWV� 2Q WKH OLDELOLW\ VFDOH� WKH HIIHFW VL]HV DWWULEXWHG WR GDPDJLQJ 379V LQ

IHPDOHV �= ����� ��� &,  ���� � ����� S  ����[������ %RQIHUURQL�FRUUHFWHG S  ����[������

DQG PDOHV �= ����� ��� &,  ���� � ����� S  ����[������ %RQIHUURQL�FRUUHFWHG S  

����[������ ZHUH QRW VLJQLILFDQWO\ GLIIHUHQW �='LIIHUHQFH  ������� ��� &,  ����� � ������ � S

 �������



)LJXUH 6��� (QULFKPHQW RI XOWUD�UDUH YDULDQWV WKH FDVH�FRQWURO FRKRUWV�

8OWUD�UDUH YDULDQW UDWHV LQ DXWLVP FDVHV �$6&� DQG DXWLVWLF SUREDQGV ZLWKRXW SDUHQWDO

VHTXHQFH GDWD �63$5.� ZHUH FRPSDUHG WR DXWLVP FRQWUROV �$6&� RU VLEOLQJV QRW GLDJQRVHG

ZLWK DXWLVP �63$5.�� 7KH HUURU EDUV VKRZ WKH ��� FRQILGHQFH LQWHUYDOV RI WKH HIIHFW VL]H RQ

WKH REVHUYHG VFDOH �OHIW� DQG OLDELOLW\ VFDOH �OHIW�� 7KH HQULFKPHQW DQG OLDELOLW\ ZHUH DVVHVVHG

UHODWLYH WR WKH VDPSOH VL]H RI WKH FDVH�FRQWURO FRKRUWV �L�H� DVVXPLQJ WKDW WKH H[SHFWHG UDUH

YDULDQW EXUGHQ SHU VDPSOH LV VLPLODU DFURVV FRKRUWV�� 7R DFFRXQW IRU WKH GLIIHUHQFHV LQ

XOWUD�UDUH YDULDQW FRXQWV DULVLQJ IURP WKH GLIIHUHQFHV LQ DQFHVWU\� GDPDJLQJ PLVVHQVH DQG

SURWHLQ WUXQFDWLQJ YDULDQWV ZHUH DOVR FRPSDUHG WR WKH H[SHFWHG UDWH UDWLR IURP V\QRQ\PRXV

YDULDQWV �L�H� QRUPDOL]LQJ WKH DYHUDJH YDULDQW UDWHV XVLQJ V\QRQ\PRXV YDULDQW FRXQWV��



�� ([RPH�ZLGH EXUGHQ LQ DXWLVWLF LQGLYLGXDOV ZLWK

YHUVXV ZLWKRXW FRJQLWLYH DQG PRWRU GLIILFXOWLHV
+HUH� ZH GHVFULEH LQ PRUH GHWDLO WKH ILQGLQJV SUHVHQWHG LQ )LJXUH � DQG UHODWHG

DQDO\VLV LQ WKH UHPDLQLQJ FRKRUWV�

���� '10 EXUGHQ

������ 'DPDJLQJ SURWHLQ�WUXQFDWLQJ '10V�

7KH HIIHFW VL]H DWWULEXWHG WR SURWHLQ�WUXQFDWLQJ '10V LQ DXWLVWLF LQGLYLGXDOV ZLWK

FR�RFFXUULQJ PRWRU RU FRJQLWLYH LPSDLUPHQW ZDV ���� LQ PDOHV ���� &,� ���� � ����� S  

���[������ %RQIHUURQL FRUUHFWHG S  ���[������ DQG ���� LQ IHPDOHV ���� &,  ���� � ����� S  

���[������ %RQIHUURQL FRUUHFWHG S  ���[������� ZLWKRXW D VLJQLILFDQW GLIIHUHQFH �S  ������ 'H

QRYR SURWHLQ�WUXQFDWLQJ PXWDWLRQV LQFUHDVHG WKH OLDELOLW\ WR DXWLVP ZLWKRXW FRJQLWLYH

LPSDLUPHQW RU PRWRU GHOD\ VLPLODUO\ �S  ����� LQ PDOHV �=  ����� ��� &,� ���� � ����� S  

���[����� %RQIHUURQL FRUUHFWHG S  ������� DQG IHPDOHV �=  ����� ��� &,� ���� � ����� S  

���[����� %RQIHUURQL FRUUHFWHG S  �������� :KHQ FRPSDULQJ DXWLVWLF LQGLYLGXDOV ZLWK PRWRU

GHOD\ RU FRJQLWLYH LPSDLUPHQW WR WKRVH ZLWKRXW WKHVH FR�RFFXUULQJ GLIILFXOWLHV� WKHVH '10V

KDG VLPLODU OLDELOLWLHV �S  ����� LQ PDOHV �=  ����� ��� &,  ���� � ����� S  ���[�����

%RQIHUURQL�FRUUHFWHG S  �[����� DQG IHPDOHV �=  ����� ��� &,  ���� � ����� S  �������

)'5�DGMXVWHG S  �������

$V PHQWLRQHG LQ VHFWLRQ ���� ZH IRXQG WKDW 6)$5, JHQHV EXW QRW WKH UHPDLQLQJ

DXWRVRPDO JHQHV VKRZ VLJQLILFDQW VH[�GLIIHUHQFHV LQ '10 UDWH UDWLRV �)LJXUH 6� LQ VHFWLRQ

��� RI WKH VXSSOHPHQWDU\ UHVXOWV�� 6LQFH WKHVH JHQHV DUH NQRZQ WR FDXVH PXOWLSOH

GHYHORSPHQWDO GLIILFXOWLHV ZLWK KLJK SHQHWUDQFH LQFOXGLQJ FRJQLWLYH LPSDLUPHQW DQG PRWRU

GHOD\V� WKLV DOOXGHG WR WKH VH[ GLIIHUHQFH RQ WKH REVHUYHG VFDOH EHLQJ GULYHQ E\ GLIIHUHQFHV

LQ WKH SURSRUWLRQV RI DXWLVWLF IHPDOHV DQG PDOHV ZLWK WKHVH FR�RFFXUULQJ GLIILFXOWLHV� ,QGHHG�

ZH ILQG WKDW DPRQJ DXWLVWLFV ZLWK PRWRU DQG FRJQLWLYH LPSDLUPHQW �)LJXUH 6����

SURWHLQ�WUXQFDWLQJ '10V ZHUH HQULFKHG LQ DXWLVWLF PDOHV �5DWH UDWLR  ������ ��� &,  ���� �

������� S  ���[������ %RQIHUURQL�FRUUHFWHG S  ���[������ DQG IHPDOHV �5DWH UDWLR  ������

��� &, ���� � ������ S  ���[������ %RQIHUURQL�FRUUHFWHG S  ���[������ EXW QRW VLJQLILFDQWO\

GLIIHUHQW EHWZHHQ WKH WZR VH[HV �S  ������

$PRQJVW WKRVH ZLWKRXW WKHVH FR�RFFXUULQJ FRQGLWLRQV� SURWHLQ�WUXQFDWLQJ '10V ZHUH

DOVR VLJQLILFDQWO\ HQULFKHG LQ DXWLVWLF PDOHV �5DWH UDWLR  ����� ��� &,  ���� � ������ S  

���[����� %RQIHUURQL�FRUUHFWHG S  ���[����� DQG IHPDOHV �5DWH UDWLR  ����� ��� &,  ���� �



������ S  ���[����� %RQIHUURQL�FRUUHFWHG S  ������� ZLWKRXW D VLJQLILFDQW GLIIHUHQFH EHWZHHQ

WKH VH[HV �S  ������ $V H[SHFWHG IRU WKLV WKHVH NQRZQ GHYHORSPHQWDO JHQHV '10V ZHUH

VXEVWDQWLDOO\ HQULFKHG LQ WKRVH ZLWK PRWRU RU FRJQLWLYH LPSDLUPHQW YHUVXV WKRVH ZLWKRXW

FR�RFFXUULQJ GLIILFXOWLHV� LQ PDOHV �5DWH UDWLR  ����� ��� &,  ���� � ����� S  ���[�����

%RQIHUURQL�FRUUHFWHG S  �������� DQG IHPDOHV �5DWH UDWLR  ����� ��� &,  ���� � ����� S  

�������� )'5�DGMXVWHG S  ������� %RQIHUURQL�FRUUHFWHG S  ������� 7KHVH ILQGLQJV DUH

KLJKOLJKWHG LQ )LJXUH 6���

)LJXUH 6��� (QULFKPHQW RI GH QRYR PXWDWLRQV DQG UDUH LQKHULWHG LQ 6)$5, JHQHV LQ DXWLVWLF

LQGLYLGXDOV ZLWK DQG ZLWKRXW PRWRU DQG FRJQLWLYH LPSDLUPHQW LQ 63$5.�

D� (QULFKPHQW LQ GH QRYR PXWDWLRQV �'10� LQ 6)$5, KLJK�FRQILGHQFH DQG V\QGURPLF JHQHV

LQ WZR 63$5. VXE�FRKRUWV RI DXWLVWLF LQGLYLGXDOV DVFHUWDLQHG WR KDYH DXWLVP ZLWK RU ZLWKRXW

FR�RFFXUULQJ GHYHORSPHQWDO GHOD\ RU FRJQLWLYH LPSDLUPHQW �YHUVXV VLEOLQJV�� DQG GLUHFWO\

EHWZHHQ WKHVH WZR JURXSV� 7KH OLDELOLW\ DWWULEXWHG WR GH QRYR PXWDWLRQV LQ WKHVH FRKRUWV DQG

SKHQRW\SLF JURXSV LV VKRZQ RQ WKH ULJKW�KDQG VLGH� E� 2YHU�WUDQVPLVVLRQ DQDO\VLV DQG

OLDELOLW\ DWWULEXWHG WR LQKHULWHG YDULDQWV LQ WKH VDPH FRKRUWV� 6LPLODU WHVWV IRU WKH FRPSOHWH



$6& DQG 63$5. FRKRUWV ZHUH SUHVHQWHG LQ )LJXUH 6�D �'10V� DQG )LJXUH 6�D �LQKHULWHG

DOOHOHV�� 0XOWLSOH WHVWLQJ FRUUHFWLRQ ZDV GRQH MRLQWO\ IRU WKHVH WHVWV DQG WKRVH SUHVHQWHG LQ

)LJXUH 6�� ���� WHVWV��

������ 'DPDJLQJ PLVVHQVH '10V�

'DPDJLQJ GH QRYR PLVVHQVH PXWDWLRQV LQFUHDVHG WKH OLDELOLW\ ERWK LQ PDOHV �=  

����� ��� &,  ����� � ����� S  ������� � %RQIHUURQL�FRUUHFWHG S  ������� DQG LQ IHPDOHV

ZLWK PRWRU RU FRJQLWLYH LPSDLUPHQW �=  ����� ��� &,  ���� � ����� S  ���[�����

)'5�DGMXVWHG S  �������� � ZLWKRXW D VLJQLILFDQW GLIIHUHQFH �S  ������ ,Q WKRVH ZLWKRXW

PRWRU RU FRJQLWLYH LPSDLUPHQW� WKHVH '10V VLJQLILFDQWO\ LQFUHDVHG DXWLVP OLDELOLW\ LQ IHPDOHV

�=  ������ ��� &,� ���� � ���� � S  ������� )'5�DGMXVWHG S  ������ EXW QRW LQ PDOHV �=  

������ ��� &,� ����� � ���� � S  ������ WKRXJK WKH GLIIHUHQFH ZDV QRW VLJQLILFDQW �S  �������

,Q GLUHFW FRPSDULVRQV EHWZHHQ WKRVH ZLWK DQG ZLWKRXW WKHVH GLIILFXOWLHV� GDPDJLQJ PLVVHQVH

'10V KDG DQ LQFUHDVHG OLDELOLW\ WR FR�RFFXUULQJ GLIILFXOWLHV LQ PDOHV �=  ����� ��� &,  ����

� ����� S  �������� %RQIHUURQL�FRUUHFWHG S  ������ EXW WKH OLDELOLW\ ZDV QRW VLJQLILFDQWO\

LQFUHDVHG LQ IHPDOHV �=  ����� ��� &,  ������ � ����� S  ������� 7KH GLIIHUHQFH ZDV QRW

VWDWLVWLFDOO\ VLJQLILFDQW �='LIIHUHQFH  ������� ��� &,  ����� � ����� S  ������ 7KHUH ZDV QR

VLJQLILFDQW VH[ GLIIHUHQFH LQ '10 HQULFKPHQW LQ 6)$5, JHQHV DIWHU DFFRXQWLQJ IRU PXOWLSOH

WHVWLQJ �)LJXUH 6���� WKHVH '10V ZHUH PRUH HQULFKHG LQ WKRVH ZLWK PRWRU RU FRJQLWLYH

GLIILFXOWLHV YHUVXV WKRVH ZLWKRXW WKHVH FR�RFFXUULQJ GLIILFXOWLHV�

����� ,PEDODQFH RI V\QRQ\PRXV '10V

$V SUHVHQWHG LQ WKH PDLQ WH[W �)LJXUH �D�� V\QRQ\PRXV '10V ZHUH PRUH SUHYDOHQW

LQ DXWLVWLF IHPDOHV ZLWKRXW PRWRU RU FRJQLWLYH LPSDLUPHQW FRPSDUHG WR WKRVH ZLWK WKHVH

FR�RFFXUULQJ GLIILFXOWLHV DV ZHOO DV VH[�PDWFKHG VLEOLQJV �5DWH UDWLR  ����� ��� &,  ����� �

����� S  ��������� :H H[DPLQHG WKH EXUGHQ DQG OLDELOLW\ LQ XOWUD�UDUH '10V LQ WKLV

VXE�FRKRUW �)LJXUH 6��� DQG IRXQG EHWWHU�EDODQFHG '10 FRXQWV EHWZHHQ WKH SUREDQGV DQG

VLEOLQJV� \HW QRW FRPSOHWHO\ FRQWUROOLQJ WKH VSXULRXV DVVRFLDWLRQ �5DWH UDWLR  ����� ��� &,  

����� � ����� S  ������� ZKLFK LV OLNHO\ WR EH DQ DUWLIDFW RI WKH GLYHUVH DQFHVWULHV LQFOXGHG LQ

WKH VDPSOH�

:H WKHQ H[DPLQHG ZKHWKHU OLPLWLQJ WKH DQDO\VLV WR D VWULQJHQWO\ DQFHVWU\�PDWFKHG VHW

RI ��� DXWLVWLF IHPDOHV DQG ����� VLEOLQJV FRXOG UHVROYH WKLV LVVXH �VHH VHFWLRQ ��� RI WKH

H[WHQGHG PHWKRGV�� 7KLV DQFHVWU\ PDWFKLQJ DORQH UHVXOWHG LQ EHWWHU�EDODQFHG '10 FRXQWV

EHWZHHQ WKH SUREDQGV DQG VLEOLQJV ZLWK VRPH UHVLGXDO LPEDODQFH �5DWH UDWLR  ����� ��� &,

 � � ����� S  ������� 1H[W� ZH FRPELQHG WKH WZR ILOWHULQJ VWUDWHJLHV� L�H� E\ HYDOXDWLQJ



XOWUD�UDUH '10V LQ VDPSOHV ZHOO�PDWFKHG RQ JHQHWLF DQFHVWU\� +HUH� V\QRQ\PRXV '10V

ZHUH QRW DVVRFLDWHG ZLWK DXWLVP �5DWH 5DWLR  ����� ��� &,  ���� � ����� S  ������

/DVWO\� ZH WXUQHG WR SURWHLQ�WUXQFDWLQJ '10V WR VHH ZKHWKHU WKH HVWLPDWHG

HQULFKPHQW LQ SURWHLQ�WUXQFDWLQJ '10V GLIIHUHG ZLWK PRUH VWULQJHQW IUHTXHQF\ DQG DQFHVWU\

PDWFKLQJ� 7KH UDUH '10 UDWH UDWLR ZDV ���� IRU UDUH '10V LQ WKH FRPSOHWH FRKRUW ���� &,  

���� � ����� S  ���[����� YHUVXV ���� LQ DQFHVWU\�PDWFKHG VDPSOHV ���� &,  ���� � ���� S  

��������� 7KH XOWUD�UDUH '10 UDWH UDWLR ZDV ���� LQ WKH FRPSOHWH FRKRUW ���� &,  ��� �

����� S  ���[����� YHUVXV ���� LQ DQFHVWU\�PDWFKHG VDPSOHV ���� &,  ��� � ���� S  

�������� 7KXV� WKH HVWLPDWHV RI SURWHLQ�WUXQFDWLQJ '10 HQULFKPHQW REWDLQHG ZKHQ

H[DPLQLQJ WKH IXOO FRKRUW ZHUH UREXVW WR WKHVH GLIIHUHQFHV LQ JHQHWLF DQFHVWU\ DQG ZHUH

VOLJKWO\ PRUH SUHFLVH�

)LJXUH 6��� (QULFKPHQW RI GH QRYR PXWDWLRQV LQ DQFHVWU\�PDWFKHG VXEVHW RI DXWLVWLF IHPDOHV

ZLWKRXW FRJQLWLYH RU PRWRU LPSDLUPHQW DQG VLEOLQJV�

(QULFKPHQW DQG OLDELOLW\ LQ µ$OO VDPSOHV¶ ZDV WHVWHG LQ ����� DXWLVWLF IHPDOHV ZLWKRXW PRWRU RU

FRJQLWLYH LPSDLUPHQW DQG VH[�PDWFKHG VLEOLQJV IURP GLIIHUHQW JHQHWLF DQFHVWU\ JURXSV �VHH

7DEOH 6��� µ0DWFKHG¶ LQGLFDWHV FRPSDULVRQV EHWZHHQ ��� IHPDOH SUREDQGV RI (XURSHDQ

DQFHVWU\ DQG ����� DQFHVWU\�PDWFKHG VLEOLQJV �VHH ([WHQGHG 0HWKRGV VHFWLRQ �����

���� 2YHU�WUDQVPLVVLRQ

������ ,QKHULWHG SURWHLQ�WUXQFDWLQJ YDULDQWV�

,Q DXWLVWLF LQGLYLGXDOV ZLWK PRWRU RU FRJQLWLYH LPSDLUPHQW �)LJXUH �E�� LQKHULWHG 379

OLDELOLW\ ZDV LQFUHDVHG LQ PDOHV �=  ����� ��� &,  ����� � ����� S  ���[�����

%RQIHUURQL�FRUUHFWHG S  �[����� EXW QRW VLJQLILFDQWO\ VR LQ IHPDOHV �=  ������ ��� &,  



������� � ���� � S  ������� \HW WKH GLIIHUHQFH ZDV QRW VLJQLILFDQW �='LIIHUHQFH  ������� ��� &,  

����� � ������ S  ������ ,Q WKH RWKHU JURXS �ZLWKRXW FR�RFFXUULQJ GLIILFXOWLHV�� LQKHULWHG 379V

KDG FRPSDUDEOH HIIHFW VL]HV �S  ����� LQ PDOHV �=  ����� ��� &,� ���� � ����� S  �������

%RQIHUURQL�FRUUHFWHG S  ������ DQG LQ IHPDOHV �=  ����� ��� &,� ���� � ����� S  ��������

)'5�DGMXVWHG S  ������� 1RWDEO\� XOWUD�UDUH LQKHULWHG YDULDQWV DVFHUWDLQHG LQ D VHSDUDWH

FRKRUW RI DXWLVWLF LQGLYLGXDOV ZLWK VHTXHQFH GDWD IURP RQH SDUHQW VKRZHG VLPLODU SDWWHUQV LQ

WKRVH ZLWK PRWRU RU FRJQLWLYH GLIILFXOWLHV EXW QRW LQ WKRVH ZLWKRXW FR�RFFXUULQJ GLIILFXOWLHV

�)LJXUH 6���� 6SHFLILFDOO\� LQKHULWHG 379V FRQIHUUHG VLJQLILFDQW OLDELOLW\ LQ PDOHV ZLWK PRWRU RU

FRJQLWLYH FR�RFFXUULQJ �=  ����� ��� &,  ����� � ����� S  �������� %RQIHUURQL�FRUUHFWHG S

 ����� EXW QRW IHPDOHV �=  ������ ��� &,  ������ � ����� S  ������ \HW ZLWKRXW D

VLJQLILFDQW VH[ GLIIHUHQFH �S  ������ ZKHUHDV WKH OLDELOLW\ LQ WKH RWKHU JURXS ZDV QRW

VLJQLILFDQWO\ LQFUHDVHG IURP WKH SRSXODWLRQ PHDQ LQ ERWK VH[HV �S ! ������ 7KH OLDELOLW\

DWWULEXWHG WR LQKHULWHG 379V GLG QRW GLIIHU VLJQLILFDQWO\ EHWZHHQ WKRVH ZLWK DQG ZLWKRXW

FR�RFFXUULQJ GLIILFXOWLHV �S ! ������



)LJXUH 6��� 2YHU�WUDQVPLVVLRQ RI XOWUD�UDUH LQKHULWHG YDULDQWV LQ 63$5. LQGLYLGXDOV ZLWK RQH

VHTXHQFHG SDUHQW� VWUDWLILHG E\ PRWRU DQG FRJQLWLYH LPSDLUPHQW�

D� 7KH VDPSOH VL]H RI WKH GLIIHUHQW FRKRUWV LQFOXGHG LQ WKLV DQDO\VLV �QRWH WKDW WKH

WUDQVPLVVLRQ DQDO\VLV LV GRQH LQ SUREDQGV RQO\�� E� 2YHU�WUDQVPLVVLRQ DQDO\VLV VKRZLQJ WKH

UDWLR EHWZHHQ UDUH SDUHQWDO DOOHOHV WUDQVPLWWHG WR DXWLVWLF LQGLYLGXDOV ZLWK RU ZLWKRXW PRWRU RU

FRJQLWLYH LPSDLUPHQW DQG XQWUDQVPLWWHG DOOHOHV� 7UDQVPLVVLRQ UDWLRV ZHUH DOVR FRPSDUHG

EHWZHHQ WKHVH WZR JURXSV �VHH WKH 0HWKRGV�� F� 7KH OLDELOLW\ DWWULEXWDEOH WR LQKHULWHG UDUH

YDULDQWV�

������ ,QKHULWHG PLVVHQVH YDULDQWV�

$PRQJ WKRVH ZLWK PRWRU RU FRJQLWLYH LPSDLUPHQW �)LJXUH �F�� LQKHULWHG GDPDJLQJ

PLVVHQVH YDULDQWV FRQYH\HG VLJQLILFDQW OLDELOLW\ LQ PDOHV �=  ������ ��� &,  ������ �

������ S  ������ )'5�DGMXVWHG S  ������ EXW QRW LQ IHPDOHV �=  ������� ��� &,  ����� �

������� S  ������ 7KH GLIIHUHQFH ZDV VLJQLILFDQW RQO\ EHIRUH FRUUHFWLRQ IRU PXOWLSOH WHVWLQJ �=

 ������� ��� &,  ������ � ������� S  ������� 7KH OLDELOLW\ DWWULEXWHG WR LQKHULWHG GDPDJLQJ

PLVVHQVH YDULDQWV LQ IHPDOHV ZLWKRXW FRJQLWLYH LPSDLUPHQW ZDV QRW VLJQLILFDQWO\ LQFUHDVHG �=

 �������� ��� &,  ����� � ������ 7KHVH YDULDQWV LQFUHDVHG WKH OLDELOLW\ LQ PDOHV �=  �����

��� &,  ������ � ����� S  ������ EXW WKLV GLG QRW SDVV )'5�DGMXVWPHQW �S  ������ 7KHUH

ZDV QR VLJQLILFDQW GLIIHUHQFH LQ WKH DYHUDJH OLDELOLW\ RI LQKHULWHG PLVVHQVH YDULDQWV EHWZHHQ

WKRVH ZLWK DQG ZLWKRXW FR�RFFXUULQJ GLIILFXOWLHV �S ! ������ 8OWUD�UDUH GDPDJLQJ PLVVHQVH

YDULDQWV LQ 63$5. LQGLYLGXDOV ZLWK VHTXHQFH GDWD IURP RQH SDUHQW GLG QRW FRQYH\ VLJQLILFDQW

OLDELOLW\ �)LJXUH 6����

���� 8OWUD�UDUH YDULDQWV LQ WKH UHPDLQLQJ 63$5. LQGLYLGXDOV

ZLWKRXW SDUHQWDO VHTXHQFH GDWD

7KHUH ZHUH QR VLJQLILFDQW VH[ GLIIHUHQFHV LQ WKH HQULFKPHQW DQG OLDELOLW\ GDPDJLQJ RI

SURWHLQ�WUXQFDWLQJ DQG PLVVHQVH XOWUD�UDUH YDULDQWV DPRQJ WKH UHPDLQLQJ SUREDQGV DQG

VLEOLQJV IURP 63$5. �)LJXUH 6���� 7KH HIIHFW VL]H RI XOWUD�UDUH SURWHLQ�WUXQFDWLQJ YDULDQWV

�DGMXVWHG IRU V\QRQ\PRXV YDULDQWV� ZDV VLPLODU LQ PDOHV �=  ����� ��� &,  ���� � ����� S  

���[������ %RQIHUURQL�FRUUHFWHG S  ���[������ DQG IHPDOHV ZLWK PRWRU DQG FRJQLWLYH GLIILFXOWLHV

�=  ����� ��� &,  ���� � ����� S  ���[����� %RQIHUURQL�FRUUHFWHG S  ���[������ 'DPDJLQJ

PLVVHQVH YDULDQWV KDG DQ HIIHFW VL]HV RI ����� LQ PDOHV ���� &,  ������ � ������ S  

������� )'5�DGMXVWHG S  ������ %RQIHUURQL�FRUUHFWHG S  ����� DQG ����� LQ IHPDOHV ZLWK

FRJQLWLYH LPSDLUPHQW RU PRWRU GHOD\ ���� &,  ������ � ������ S  ������ )'5�DGMXVWHG S  

�������



$PRQJ WKRVH ZLWKRXW PRWRU DQG FRJQLWLYH GLIILFXOWLHV� 379V KDG DQ HIIHFW VL]H RI ����

LQ PDOHV ���� &,  ����� � ����� S  �������� %RQIHUURQL�FRUUHFWHG S  ������� FRPSDUHG WR

����� LQ IHPDOHV ���� &,  ������ � ����� S  ����� DOWKRXJK WKH GLIIHUHQFH ZDV QRW

VWDWLVWLFDOO\ VLJQLILFDQW �S  ������� 7KHUH ZDV QR VLJQLILFDQW HQULFKPHQW LQ GDPDJLQJ

PLVVHQVH YDULDQWV LQ DXWLVWLF LQGLYLGXDOV ZLWKRXW WKHVH FR�RFFXUULQJ FRQGLWLRQV� :KHQ WKH WZR

JURXSV ZHUH FRPSDUHG �ZLWK YHUVXV ZLWKRXW PRWRU RU FRJQLWLYH LPSDLUPHQW�� WKH HIIHFW VL]H RI

379V ZDV ���� LQ PDOHV ���� &,  ����� � ����� S  �������� %RQIHUURQL�FRUUHFWHG S  

������ DQG ���� LQ IHPDOHV ���� &,  ���� � ����� S  �������� %RQIHUURQL�FRUUHFWHG S  

�������� DQG LW ZDV QRW VLJQLILFDQWO\ GLIIHUHQW �S  ������ 0LVVHQVH YDULDQWV KDG D VOLJKWO\

KLJKHU OLDELOLW\ WR DXWLVP ZLWK �YV� ZLWKRXW� PRWRU RU FRJQLWLYH LPSDLUPHQW LQ PDOHV �=  ������

��� &,  ������ � ������ S  ����� EXW WKH OLDELOLW\ GLG QRW GLIIHU EHWZHHQ WKH WZR JURXSV DIWHU

FRUUHFWLRQ IRU PXOWLSOH WHVWLQJ �)'5�DGMXVWHG S  ������

)LJXUH 6��� (QULFKPHQW RI XOWUD�UDUH LQKHULWHG YDULDQWV LQ 63$5. LQGLYLGXDOV ZLWKRXW

VHTXHQFHG SDUHQWV� VWUDWLILHG E\ PRWRU DQG FRJQLWLYH LPSDLUPHQW�

7KH HQULFKPHQW RI XOWUD�UDUH YDULDQWV LQ D FRKRUW RI DXWLVWLF SUREDQGV ZLWKRXW SDUHQWDO

VHTXHQFH GDWD LQ 63$5. �D� ZDV H[DPLQHG RQ WKH REVHUYHG VFDOH �E� DQG OLDELOLW\ VFDOH �F��



9DULDQW UDWHV ZHUH FRPSDUHG EHWZHHQ DXWLVWLF VWUDWLILHG E\ FR�RFFXUULQJ FRJQLWLYH RU PRWRU

LPSDLUPHQW DQG VLEOLQJV QRW GLDJQRVHG ZLWK DXWLVP DV ZHOO DV EHWZHHQ WKH WZR DXWLVP

VXE�FRKRUWV �µZLWK YHUVXV ZLWKRXW¶� � 7KH HUURU EDUV VKRZ WKH ��� FRQILGHQFH LQWHUYDOV RI WKH

HIIHFW VL]HV� 7KH HQULFKPHQW DQG OLDELOLW\ ZHUH DVVHVVHG UHODWLYH WR WKH VDPSOH VL]H RI WKH

FDVH�FRQWURO FRKRUWV �L�H� DVVXPLQJ WKDW WKH H[SHFWHG UDUH YDULDQW EXUGHQ SHU VDPSOH LV

VLPLODU DFURVV FRKRUWV�� 7R DFFRXQW IRU WKH GLIIHUHQFHV LQ XOWUD�UDUH YDULDQW FRXQWV DULVLQJ IURP

WKH GLIIHUHQFHV LQ DQFHVWU\� GDPDJLQJ PLVVHQVH DQG SURWHLQ WUXQFDWLQJ YDULDQWV ZHUH DOVR

FRPSDUHG WR WKH H[SHFWHG UDWH UDWLR IURP V\QRQ\PRXV YDULDQWV �L�H� QRUPDOL]LQJ WKH DYHUDJH

YDULDQW UDWHV XVLQJ V\QRQ\PRXV YDULDQW FRXQWV�� 7KLV DQDO\VLV LV UHODWHG WR WKH DQDO\VLV

SUHVHQWHG LQ )LJXUH 6���



�� *HQH VHW HQULFKPHQW UHODWLYH WR PDWFKHG JHQHV

���� +LJK�FRQILGHQFH DQG V\QGURPLF DXWLVP SUHGLVSRVLWLRQ

JHQHV

,Q WKH IXOO $6& DQG 63$5. FRKRUWV� WKH HQULFKPHQW RI GDPDJLQJ SURWHLQ�WUXQFDWLQJ

'10V �UDWH UDWLR LQ DXWLVWLF IHPDOHV DQG PDOHV YHUVXV VH[�PDWFKHG VLEOLQJV�� DQG WKH

VH[�GLIIHUHQFH LQ '10 HQULFKPHQW �UDWH UDWLR LQ DXWLVWLF IHPDOHV YHUVXV DXWLVWLF PDOHV�� ZHUH

VLJQLILFDQWO\ KLJKHU WKDQ ZKDW LV H[SHFWHG IURP PDWFKHG JHQHV� L�H� VLJQLILFDQWO\ KLJKHU WKDW

WKH UDWH UDWLR FDOFXODWHG IURP UDQGRP JHQHV RI VLPLODU /R)�FRQVWUDLQW� VH[�DYHUDJHG

H[SUHVVLRQ DQG FRGLQJ OHQJWK SURILOHV �)LJXUH 6��D�� 7KH VH[�GLIIHUHQFH LQ 63$5. UHODWLYH WR

PDWFKHG JHQHV ZDV GULYHQ E\ DXWLVWLF SUREDQGV ZKR KDYH PRWRU RU FRJQLWLYH LPSDLUPHQW�

DQG ZDV QRW VHHQ LQ WKRVH FR�RFFXUULQJ GLIILFXOWLHV� :H KDYH VKRZQ WKDW PDOHV DQG IHPDOHV

LQ WKH µPRWRU DQG FRJQLWLYH LPSDLUPHQW¶ JURXS GR QRW VKRZ D VLJQLILFDQW VH[ GLIIHUHQFH LQ

'10 UDWHV SHU VH� L�H� UHODWLYH WR ZKDW LV H[SHFWHG IURP WKH VDPSOH VL]H RI WKH FRKRUW �)LJXUH

6���� 7KLV DSSDUHQW GLVFUHSDQF\ PD\ EH GXH WR DQ DVFHUWDLQPHQW ELDV LQ WKH GLVFRYHU\

FRKRUWV EHKLQG VRPH RI WKHVH JHQHV �PRUH IHPDOHV ZLWK FRJQLWLYH LPSDLUPHQW DQG GH QRYR

SURWHLQ�WUXQFDWLQJ PXWDWLRQV�� $ VLJQLILFDQW VH[�ELDV LQ GDPDJLQJ PLVVHQVH '10 HQULFKPHQW

UHODWLYH WR PDWFKHG JHQHV ZDV VHHQ LQ 63$5. RQO\� DQG ZDV GULYHQ E\ '10V VHHQ LQ

DXWLVWLF LQGLYLGXDOV ZLWKRXW PRWRU RU FRJQLWLYH LPSDLUPHQW�

7KHVH REVHUYHG VH[ GLIIHUHQFHV LQ '10 ULVN UDWLRV GLG QRW WUDQVODWH WR D VLJQLILFDQW

VH[�ELDV RQ WKH OLDELOLW\ VFDOH� L�H� WKH µH[FHVV¶ DXWLVP OLDELOLW\ FRQIHUUHG E\ WKHVH YDULDQWV RQ

WRS RI ZKDW LV H[SHFWHG IURP PDWFKHG JHQHV ZDV FRPSDUDEOH EHWZHHQ PDOHV DQG IHPDOHV

�)LJXUH 6��E�� 3URWHLQ�WUXQFDWLQJ '10V LQ 6)$5, JHQHV LQFUHDVHG WKH OLDELOLW\ WR DXWLVP ZLWK

FRJQLWLYH DQG PRWRU LPSDLUPHQW E\ ���� XQLWV PRUH WKDQ D PDWFKHG JHQH VHW LQ PDOHV ����

&,  ���� � ����� S  ���[����� %RQIHUURQL�FRUUHFWHG S  ���[����� DQG ���� XQLWV PRUH WKDW

PDWFKHG JHQHV LQ IHPDOHV ���� &,  ���� � ����� S  ���[����� %RQIHUURQL�FRUUHFWHG S  

�[������ ZLWKRXW D VLJQLILFDQW VH[ GLIIHUHQFH �S ������ ,Q WKH µDXWLVP ZLWKRXW FRJQLWLYH 	

PRWRU LPSDLUPHQW¶ JURXS� WKH VH[ GLIIHUHQFH EHWZHHQ PDOHV ������ ��� &,  ���� � ����� S  

���[����� %RQIHUURQL�FRUUHFWHG S  ������� DQG IHPDOHV ������ ��� &,  ��� � ���� � S  

������� )'5�DGMXVWHG S ����� %RQIHUURQL�FRUUHFWHG S  ����� ZDV DOVR QRW VLJQLILFDQW �S  

������ ,QKHULWHG YDULDQWV GLG QRW VKRZ VLJQLILFDQW GLIIHUHQFHV LQ RYHU�WUDQVPLVVLRQ UDWHV DQG

OLDELOLW\ FRPSDUHG WR PDWFKHG JHQHV �7DEOH 6����



)LJXUH 6��� (QULFKPHQW DQG OLDELOLW\ RI GH QRYR PXWDWLRQV LQ ��� 6)$5, JHQHV FRPSDUHG WR

PDWFKHG JHQHV�

D� 7KH HQULFKPHQW �'10 UDWH UDWLR� DWWULEXWHG WR GH QRYR PXWDWLRQV LQ 6)$5,

KLJK�FRQILGHQFH DQG V\QGURPLF JHQHV� FRPSDUHG WR JHQHV PDWFKHG RQ /R)�FRQVWUDLQW�

VH[�DYHUDJHG H[SUHVVLRQ DQG FRGLQJ OHQJWK� 7KH HQULFKPHQW ZDV H[DPLQHG LQ

WULR�VHTXHQFHG LQGLYLGXDOV IURP WKH $6& DQG 63$5. �DOO LQGLYLGXDOV�� LQ WZR 63$5.

VXE�FRKRUWV RI DXWLVWLF LQGLYLGXDOV DVFHUWDLQHG WR KDYH DXWLVP ZLWK RU ZLWKRXW FR�RFFXUULQJ

GHYHORSPHQWDO GHOD\ RU FRJQLWLYH LPSDLUPHQW �YHUVXV VLEOLQJV�� DQG ILQDOO\ FRPSDUHG GLUHFWO\

EHWZHHQ WKH ODWWHU WZR JURXSV� E� /LDELOLW\ FRPSDUHG WR PDWFKHG JHQHV� 6HH 7DEOH 6�� IRU

RYHU�WUDQVPLVVLRQ DQDO\VLV�



���� *HQHV ZLWK PDOH ELDVHG H[SUHVVLRQ LQ WKH IHWDO FRUWH[

)LJXUH 6��� %XUGHQ DQG OLDELOLW\ RI GH QRYR PXWDWLRQV LQ ��� JHQHV ZLWK PDOH�ELDVHG

H[SUHVVLRQ LQ WKH KXPDQ IHWDO FRUWH[ UHODWLYH WR PDWFKHG JHQHV�

7KLV ILJXUH SUHVHQWV D FRPSOHPHQWDU\ DQDO\VLV WR WKH RQH VKRZQ LQ )LJXUH �� +HUH� GH QRYR

PXWDWLRQ UDWHV DUH FRPSDUHG WR WKRVH H[SHFWHG EDVHG RQ PDWFKHG JHQHV LQVWHDG RI EDVHG

RQ WKH UHODWLYH VDPSOH VL]H RI SUREDQGV DQG VH[�PDWFKHG VLEOLQJV� 6HH 0HWKRGV DQG WKH

OHJHQG RI )LJXUH � IRU PRUH GHWDLOV DQG 7DEOH 6� IRU WKH FRPSOHWH UHVXOWV LQFOXGLQJ LQKHULWHG

YDULDQWV�



�� 6XSSOHPHQWDU\ 7DEOHV
7DEOHV 6��6� SUHVHQW WKH VDPSOH VL]H EHIRUH DQG DIWHU 4&� DQG DUH FRQWDLQHG LQ WKH

H[WHQGHG PHWKRGV� $GGLWLRQDO H[WHQGHG VXSSOHPHQWDU\ WDEOHV DUH SURYLGHG LQ D VHSDUDWH

µ[OV[¶ ILOH� 7DEOHV 6��6�� SUHVHQW WKH HQULFKPHQW DQG OLDELOLW\ DQDO\VLV RXWFRPHV SUHVHQWHG LQ

WKH PDLQ DQG VXSSOHPHQWDU\ ILJXUHV�


