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Intellectual disability (ID) is a common disorder, yet there is a wide spectrum of impairment from mild to profoundly affected
individuals. Mild ID is seen as the low extreme of the general distribution of intelligence, while severe ID is often seen as a
monogenic disorder caused by rare, pathogenic, highly penetrant variants. To investigate the genetic factors influencing mild and
severe ID, we evaluated rare and common variation in the Northern Finland Intellectual Disability cohort (n= 1096 ID patients), a
cohort with a high percentage of mild ID (n= 550) and from a population bottleneck enriched in rare, damaging variation. Despite
this enrichment, we found only a small percentage of ID was due to recessive Finnish-enriched variants (0.5%). A larger proportion
was linked to dominant variation, with a significant burden of rare, damaging variation in both mild and severe ID. This rare variant
burden was enriched in more severe ID (p= 2.4e-4), patients without a relative with ID (p= 4.76e-4), and in those with features
associated with monogenic disorders. We also found a significant burden of common variants associated with decreased cognitive
function, with no difference between mild and more severe ID. When we included common and rare variants in a joint model, the
rare and common variants had additive effects in both mild and severe ID. A multimodel inference approach also found that
common and rare variants together best explained ID status (ΔAIC= 16.8, ΔBIC= 10.2). Overall, we report evidence for the
additivity of rare and common variant burden throughout the spectrum of intellectual disability.
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INTRODUCTION
Intellectual disability (ID) is a common neurodevelopmental
disorder, affecting approximately one percent of the global
population [1]. Yet there exists a wide spectrum of impairment
and comorbidity, ranging from profound disability requiring
continuous support to mildly affected individuals who live
independently in society. The study of ID genetics, mainly focused
on more severe intellectual disabilities, has focused on the
identification of causal variants in single genes or chromosomal
abnormalities through identification by high-throughput sequen-
cing technologies or array comparative genomic hybridization.
This work has characterized severe intellectual disability as a
heterogenous disorder where approximately 10% of genes in the
genome could be disrupted to converge on profound impact in
cognitive functioning and development [2].
In contrast, mild intellectual disability has been characterized as

the low extreme of the general population distribution of

intelligence, with evidence that factors influencing mild ID are
similar to those influencing normal cognitive functioning and that
mild ID is qualitatively distinct from severe intellectual disability [3,
4]. One assumption is that common genetic variants contribute to
the more common diagnosis of mild intellectual disability, while
more rare and penetrant variants are the cause of severe and
profound ID. Yet recent studies have found that common genetic
variation affects both the overall risk and clinical presentation in
severe neurodevelopmental disorders previously considered to be
monogenic [5, 6], and rare, damaging variants have been reported
to contribute to reduced cognitive functioning among normal IQ
individuals [7, 8].
To investigate the genetic factors influencing mild ID and

disentangle them from those involved in severe intellectual
disability, we recruited individuals with intellectual disability
irrespective of their level of impairment in the Northern Finland
Intellectual Disability Study (NFID; n= 1096 ID patients), resulting
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in a cohort enriched for mild intellectual disability (n= 550). We
chose to recruit from Northern Finland because the small initial
population of Finland and subsequent isolation have resulted in a
founder effect, causing a relative increase in the frequency of
certain variants (including damaging variants [9]). Later internal
migration to the north of Finland resulted in a further population
bottleneck, demonstrated by the increased concentration of
Finnish Disease Heritage cases in the late settlement region [10].
We found that despite the enrichment of rare, damaging

variants in Finland, recessive ID due to Finnish-enriched variants
explains the etiology of only a small percentage of ID patients in
the cohort. A larger proportion was explained by dominant
variants, with a significant burden of rare, damaging variants in
both mild and severe ID patients that was enriched in more severe
ID, patients without a relative with ID, and in those with comorbid
features associated with monogenic disorders. We found that the
burden of common variants, while significant in both mild and
more severe ID compared to controls, was indistinguishable
between milder and more severe forms of affectedness. When
we included both common and rare variants in the same model,
we found that the rare and common variant burdens were
additive in both mild and more severe ID. In all, we report
evidence for the additivity of rare, damaging variant burden and
common variant burden throughout the spectrum of mild to more
severe intellectual disability.

METHODS
NFID cohort and population controls
Individuals with intellectual disability (ICD-10 codes F70-79) or pervasive
and specific developmental disorders (ICD-10 codes F80-89) of unknown
etiology (n= 1096) were recruited from the three northernmost hospital
districts in Finland for the Northern Finland Intellectual Disability (NFID)
study from 2013 to 2019. DNA samples were obtained from peripheral
blood or saliva, and all subjects were clinically examined by multi-
professional teams. Detailed information on patient recruitment and
examination can be found in the Supplementary Methods. All subjects
and/or their legal guardians provided written informed consent to
participate in the study, and the ethical committees of the Northern
Ostrobothnia Hospital District and the Hospital District of Helsinki and
Uusimaa approved the study. Exome sequencing and DNA array genotype
data for population control individuals were obtained from the population-
based health examination surveys FINRISK [11] and Health2000–2011 [12]
via application to THL Biobank. Individuals in the FINRISK and
Health2000–2011 studies that had known learning or psychiatric disorders
as given in the study variables were excluded as controls.

Exome sequencing and quality control
Samples from the NFID cohort, FINRISK, and Health2000–2011 were exome
sequenced at the Broad Institute using either the Illumina (San Diego,
California, USA) Nextera Rapid Capture Exome capture kit, the Agilent
(Santa Clara, California, USA) SureSelect Human All Exon capture kit, or the
Twist Bioscience (South San Francisco, California, USA) Human Core Exome
capture kit, and sequenced on either Illumina HiSeq2000, 2500, 4000,
X10, or NovaSeq 6000. NFID, FINRISK, and Health2000–2011 samples
were jointly called with a collection of Finnish individuals as part
of the Sequencing Initiative Suomi (SISU) study (www.sisuproject.fi). The
sequence data processing and variant calling for this dataset has been
previously described [13].
Exome sequencing variant, sample, and genotype quality control are

described in detail in the supplementary methods. Kinship was calculated
between all samples using King [14] and related individuals and
population outliers were removed from analyses. All exome sequencing
data quality control was performed using Hail [15] and executed in a
Google Cloud Dataproc cluster. The exome sequencing data quality control
pipeline is available at in a public repository at https://github.com/lea-
urpa/exome_qc_library.

Variant annotation
We annotated variants using the VEP [16] function (v.95) in Hail with the
LOFTEE [17] VEP plugin to identify high-confidence loss-of-function likely

pathogenic or pathogenic variants. We considered variant annotation only
on the canonical ENSEMBL transcript, or the transcript with the most
severe consequence if the gene had no canonical transcript. A variant was
considered a high-confidence loss-of-function variant (stop-gained, splice
site disrupting, or frameshift) if LOFTEE predicted it to be high-confidence
without any warning flags. Missense variants were also annotated with
MPC [18] and CADD [19] scores to assess likely pathogenicity, and were
considered predicted damaging variants with an MPC score > 2 (for
heterozygous variants) or CADD > 20 (for homozygous variants).

Identifying likely pathogenic or pathogenic variants
To identify likely pathogenic or pathogenic variants in known ID genes, we
downloaded (on March 18th 2022) a list of known developmental disorder
genes from the DECIPHER database [2]. Variants were flagged as likely
pathogenic if they were predicted to be a high-confidence loss-of-function
or damaging missense variants in a DECIPHER gene with definitive or
strong evidence and reported brain/cognition effects (n genes = 1142,
listed in full in Supplementary Table 1), and sufficiently rare. Detailed
information on rarity filters for variants can be found in the supplementary
methods, and the full table of likely pathogenic variants is listed in
Supplementary Table 2. All identification of likely pathogenic variants was
performed using Hail [15] and executed in a Google Cloud Dataproc
cluster.

Rare variant association analysis
To assess the burden of rare, damaging heterozygous variants in known
monoallelic ID genes in our intellectual disability cases, we further filtered
likely pathogenic variants to those unreported (allele count = 0) in the
Gnomad v2 [17] variant database. We then used a binomial logistic
regression with participant sex and first ten principal components of
genetic information as covariates. Similarly, to assess the burden of rare,
damaging homozygous variants in biallelic ID genes we further filtered
likely pathogenic variants to those unreported (n homozygotes = 0) in the
Gnomad v2 variant database, and used Firth bias-corrected logistic
regression with participant sex and first ten principal components as
covariates. This analysis was repeated in male and female cases separately,
with first ten principal components as covariates. For all rare variant
association analyses, we removed NFID cases with clinically ambiguous
karyotyping results (not clearly classified as benign or inherited from an
unaffected parent).
For comparing the burden of rare, damaging heterozygous variants

between case diagnostic subsets, we further filtered variants to those
absent (allele count = 0) in both Gnomad [17] and all population control
individuals. We then used a binomial logistic regression with participant
sex, first ten principal components, and sequencing batch as covariates.
Mild intellectual disability referred to individuals with ICD code F70,
moderate, severe and profound ID referred to individuals with ICD codes
F71-F73, and unspecified ID or developmental disorders referred to
individuals with ICD codes F78-F79 and F80-89. Individuals were defined as
having a relative with intellectual disability or a learning disability if they
had either a relative enrolled as a case in the NFID study or were reported
to have a relative with ID or a learning disability in patient questionnaires.
Diagnosis of different forms of psychosis, including schizophrenia, were
obtained from health care records and multi-professional evaluation.
Sensory disabilities, learning disabilities, and dysmorphisms were binarized
from free-text answers reported by physicians or care team members in
study questionnaires. Full lists of sensory disabilities, learning disabilities,
and dysmorphisms are reported in Supplementary Table 3. Bonferroni
multiple testing correction for fourteen diagnostic phenotype comparisons
was used to correct logistic regression results. To compare carrier rates in
cases to controls, we additionally ascertained the rate of variants that were
found in controls but absent in Gnomad and cases. Comparing the burden
of rare, damaging homozygous variants between case diagnostic subsets
was assessed with Firth bias-corrected logistic regression with participant
sex, first ten principal components, and sequencing batch as covariates.

De novo variant analysis
We assessed de novo variant status in trios using the Hail implementation
of Samocha et al’s [20] de novo caller, which assesses the likelihood of
putative de novo variants based on the proband and parental genotype
qualities and reported reference population allele frequencies. All trios
were confirmed by assessing kinship between parents and probands, and
trios with incorrectly assigned parental relationships were removed from
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the analysis. We used for the population allele frequency prior either the
reported Gnomad Finnish allele frequency or, if the variant was absent in
Gnomad, the combined allele frequency of our samples and Gnomad (in-
sample allele count – 1 / in-sample allele number + Gnomad Finnish allele
number). Gnomad variants failing Gnomad internal quality control or with
significantly different allele frequencies between Gnomad exomes and
Gnomad genomes were not considered when choosing population allele
frequency prior.
We then compared the observed number of high-confidence de novo

variants to that expected by local mutation rates in DECIPHER genes with
definitive or strong evidence, reported monoallelic, X heterozygous, or X
hemizygous (males only) inheritance, and brain or cognitive effects.
Baseline mutation rates [20] for synonymous, missense, and loss-of-
function mutations at each gene were summed and multiplied by the
number of cases (and by 2 haplotypes) to obtain the expected number of
mutations in DECIPHER genes. We assessed the probability of observing ≥
N de novo mutations in the set of genes by calculating a Poisson p-value
for the number of expected and observed de novo mutations. To account
for differences in exome sequencing capture, we filtered to only trios
where the proband and parents were sequenced with the same capture kit
(n= 417 ID cases, n= 96 unaffected siblings), calculated the Poisson p-
value separately in the set of trios captured with that kit, and combined
the results with Fisher’s sum of logs method using the metap package [21]
in R. This analysis was repeated in male and female cases only.
To assess differences in the rate of de novo mutations between case

diagnostic subsets, we used binomial logistic regression with participant
sex, first ten principal components, and sequencing batch as covariates.
For this analysis, all trios with confirmed kinships were used, including
those with mismatching parental and proband exome capture kits
(n= 450) as this is accounted for by including sequencing batch as a
covariate. Bonferroni multiple testing correction for fourteen diagnostic
phenotype comparisons was used to correct logistic regression results.

DNA array data processing and quality control
NFID samples were genotyped in seven batches on the Illumina Infinium
CoreExome or Global Screening Array DNA microarray chips. FINRISK
population controls were genotyped on the Illumina Infinium CoreExome,
Global Screening Array, Human610-Quad, OmniExpress, or Affymetrix
GeneChip chips. Health2000–2011 controls were genotyped in three
batches on the Illumina Infinium CoreExome, Human610-Quad, or G4L
chips. Samples were imputed using the Sequencing Initiative Suomi (SISU)
(www.sisuproject.fi) v3 imputation panel containing 3775 high coverage
(25–30x) whole genome sequences of Finnish individuals. Detailed
information on DNA array data quality control and imputation can be
found in the Supplementary Methods.

Polygenic scores
To calculate polygenic scores, we downloaded genome-wide association
study (GWAS) summary statistics for schizophrenia [22], ADHD [23], bipolar
disorder [24], education attainment [25], focal epilepsy [26], generalized
epilepsy [26], cognitive performance [25], major depression [27], intelligence
[28], PTSD [29], and neuroticism [30]. We then used PRS-CS-auto [31] with a
Finnish-specific linkage disequilibrium (LD) panel based on the SISu v3
imputation panel to calculate adjusted effect sizes conditional LD patterns in
the reference data. We then LD pruned the imputed genotype data,
calculated scores with Plink 1.9’s [32] score function and normalized the
resultant scores to the control mean for each phenotype. To account for
population stratification, we fit a linear model for the normalized scores
including case status, sex, and first ten principal components as parameters.
We then obtained the marginal mean and 95% confidence intervals for case
status from the linear model using the emmeans [33] package in R.

Rare and common variant interaction and multi-model
inference
To assess whether the contribution of rare and common variants to ID is
additive, we used a series of binomial logistic regressions for case status.
For each regression, we included as parameters rare variant carrier status
(whether the individual was a carrier of a LOF or missense MPC > 2 variant
in a DECIPHER gene), polygenic score, and an interaction term between
rare variant carrier status and polygenic score (in addition to sex and first
ten principal components as covariates). Logistic regression results were
corrected with Bonferroni multiple-testing correction for 11 polygenic
score and rare variant interaction models.

To assess whether rare variants, common variants, or both best
explained intellectual disability status, we used the MuMIn [34] package
in R to calculate the Akaike Information Criterion (AIC) and Bayesian
Information Criterion (BIC) between logistic regression models associating
intellectual disability status to (1) only covariates (sex and ten first principal
components), (2) covariates and polygenic score, (3) covariates and rare
variant carrier status, or (4) covariates, polygenic score, and rare variant
carrier status. For this analysis we chose to include only the cognitive
performance polygenic score, as this PGS had the highest AIC and BIC
explaining intellectual disability status when rare variant status and
covariates were fixed (Supplementary Fig. 1).

RESULTS
Rare and de novo variants are enriched in severe ID
We found a significant burden of rare, damaging heterozygous
variants in known dominant ID genes (Fig. 1A) and rare, damaging
homozygous variants in known recessive ID genes (Supplemen-
tary Fig. 2) in NFID patients compared to population controls, in
line with previous analysis with the NFID cohort [6]. This burden
was similar in males and females when examined separately
(Supplementary Fig. 16). When we compared the relative burden
of rare variants in ID case subsets, we found a significant burden
of rare, damaging heterozygous variants in patients with more
severe ID, a relative with ID or a learning disability, a sensory
disability (e.g. hearing or vision impairment), or dysmorphic
features (Fig. 1B). We also found a nominally significant burden of
rare, damaging variants in ID patients with a behavioral or
psychotic disorder. To account for the increased burden of severe
ID in patients with sensory disabilities, dysmorphic features, and
without a relative with ID (Supplementary Fig. 3), we adjusted our
logistic regression by including level of ID as a covariate when
testing for an excess of rare variants. We found a significant
burden in these three comorbidity classes even after adjusting for
level of intellectual disability (Supplementary Fig. 4). In contrast,
the only case subset with a burden of rare, damaging
homozygous variants in known recessive ID genes were indivi-
duals with a reported relative with ID or a learning disability, the
opposite burden for rare variants in dominant ID genes. In most
case subsets, the proportion of males and females was not
significantly different (Supplementary Fig. 18).
We also found significantly more de novo damaging variants in

known dominant ID genes than expected by baseline mutation
rates in NFID cases (Fig. 2A), and no difference in unaffected
siblings (Supplementary Fig. 5). This burden of de novo damaging
variation was significant in both males and females. We saw a
significant enrichment of de novo damaging variants in dominant
ID genes in individuals with epilepsy or a sensory disability, and a
nominally significant burden in individuals with more severe ID
and without a relative with ID or a learning disability (Fig. 2B).
Considering the substantial overlap between genes associated
with both cognitive impairment, epilepsy, and sensory disabilities
(Supplementary Fig. 15), we believe this enrichment reflects a
more syndromic presentation of intellectual disability rather than
epilepsy or sensory disabilites leading to later cognitive impair-
ment. Additionally, after accounting for the increased burden of
severe ID in the other three case comorbiditites, we found that the
burden of de novo variants in individuals with epilepsy or a
sensory disability remained significant (Supplementary Fig. 6).

Common variants are enriched in both mild and severe ID
We found a significant difference between ID cases and population
controls in polygenic scores for ADHD, intelligence, cognitive
performance, and educational attainment, as well as nominally
significant differences in polygenic scores for schizophrenia and
major depression that were no longer significant after multiple
testing correction (Supplementary Fig. 7). When comparing the
common variant burden between mild and more severe ID, we
saw a trend for lower polygenic score for educational attainment in

L. Urpa et al.

3

European Journal of Human Genetics

http://www.sisuproject.fi


mild ID (Supplementary Fig. 8) that was not statistically significant.
Similarly, we saw a trend for lower polygenic scores for educational
attainment, cognitive performance, and intelligence in individuals
with a relative with ID compared to those without (Supplementary

Fig. 9) and a trend for lower polygenic scores for intelligence and
cognitive performance in individuals who were not carriers of a rare
variant (Supplementary Fig. 10). None of these trends were found to
be statistically significant, however.

Fig. 2 Enrichment of de novo variants in known ID genes. A Comparison of observed vs. expected de novo variants in known ID genes in ID
cases (n= 417). B Enrichment of de novo variants in ID genes in case diagnostic subsets (n= 450). Bolded p values are those that pass
Bonferroni multiple testing correction for 12 diagnostic phenotypes. Odds ratios and number of individuals for each case subset are found in
Supplementary Table 5.

Fig. 1 Burden of rare, damaging variants in known ID genes. A Burden of rare, damaging heterozygous variants in known monoallelic ID
genes in NFID cases (n= 1055) compared to population controls (n= 4791). B Burden of rare, damaging variants in diagnostic case subsets.
Bolded p values are those that pass Bonferroni multiple testing correction for 12 diagnostic phenotypes comparisons. Vertical grey line in
heterozygous variant burden panel represents carrier rate of rare, LOF of damaging missense variants in ID genes found in controls, but not
cases or Gnomad (0.047). There were no homozygous variants in recessive ID genes found in controls but not cases. Odds ratios and number
of individuals for each case subset are found in Supplementary Table 4.
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There were several comparisons with nominally significant
differences in polygenic scores when comparing between case
diagnostic subsets, but none of these findings passed multiple
testing correction (Supplementary Fig. 11).

Rare and common variants are additive throughout the
spectrum of ID
We also examined the interaction between polygenic burden and
the presence of rare, damaging variants in known ID genes. For
loss-of-function and damaging missense variants, we observed no
interaction between rare variant carrier status and polygenic risk
in intelligence, cognitive performance, or educational attainment
contributing to intellectual disability (Fig. 3B, Supplementary
Fig. 12). In other words, the contribution of polygenic variants
affecting cognitive traits and rare, damaging variants in known ID
genes were additive, not multiplicative. We also examined the
interaction between polygenic burden and rare variant burden in
specific case sets. In individuals with mild ID or a relative with ID or
a learning disability, we saw both a significant burden of LOF or
damaging missense variants and a significant effect of common
variants associated with intelligence, educational attainment,
cognitive performance, and ADHD with little evidence of an
interaction between the two (Supplementary Fig. 13). In
individuals with more severe ID and without a relative with ID
or a learning disability, we saw a significant burden of rare,
damaging variants but an attenuated burden of common variants,
likely due to lack of power (Supplementary Fig. 14).
To further explore the contribution of common and rare

variants to ID, we used a multi-model inference approach to
evaluate which models best explain intellectual disability status: a
model including both polygenic score and rare variant carrier
status as exposure variables, models including either polygenic
burden or rare variant carrier status as the exposure variable, or
fixed covariates (sex, first ten principal components of genetic
variation) only. We found that the model containing both rare and
common variants best explained the data, with notable

differences in explanatory power in both the Akaike Information
Criterion and Bayesian Information Criterion (Fig. 3A).

Recessive ID caused by Finnish-enriched variants is rare
We found that 23.25% of individuals (n= 255) carried a rare,
pathogenic or likely pathogenic heterozygous variant in known
dominant ID genes, while 2.37% (n= 26) carried a rare damaging
homozygous variant in known recessive ID genes, for a total
diagnostic rate of 25.62% (Fig. 4a). For dominant variants, 47.8%
(n= 122) were high-confidence LOF variants (de novo LOF n= 32)
while 52.2% (n= 133) were damaging missense variants (de novo
damaging missense n= 22). For recessive variants, we found
11.5% (n= 3) were high-confidence LOF variants (Finnish-
enriched n= 1) while 88.5% (n= 23) were damaging missense
(Finnish-enriched n= 5).
Variants were considered Finnish-enriched if the allele fre-

quency in the Gnomad v2 Finnish population was at least twofold
greater than any other population, or the variant was absent in
Gnomad v2 (i.e., present only in the Finnish population). The
diagnostic rate and composition of dominant and recessive
variants here reflects the makeup of the Northern Finnish
Intellectual Disability cohort, which has been specifically ascer-
tained for individuals without a known genetic or environmental
cause for their ID, and may not reflect the actual population
prevalence. In particular, known Finnish disease heritage genes
are likely routinely screened in the clinic and individuals with
damaging variants in these genes would not be eligible for
enrollment in the NFID study. However, despite this caveat and
the known enrichment of rare, damaging variants in Finland,
recessive ID due to Finnish-enriched variants explains the etiology
of only a small percentage of patients (n= 6, 0.5%) in our study.
The exome diagnostic rate for moderate, severe, and profound

ID (31.52%, n= 104) was higher than that of mild and unspecified
ID (24.07%, n= 138), and the diagnostic rate for individuals
without a family member with ID or a learning disability (26.7%,
n= 160) was higher than that for individuals with a family

Fig. 3 Rare and common variant additivity in ID cases. A Comparison of logistic regression models predicting intellectual disability status,
where the model with the lowest ΔAICc or ΔBIC is the model that best explains the data. Covariates Only: sex and first ten principal
components, PGS Only: cognitive performance PGS and covariates, Rare Variants Only: LOF and damaging missense carrier status and
covariates, Rare Variants + PGS: LOF and damaging missense carrier status, cognitive performance PGS, and covariates. B Logistic regression
comparing ID cases to population controls, including both LOF or missense MPC > 2 variant carrier status, polygenic score, and an interaction
term between rare variant carrier status and polygenic score in the model. CP cognitive performance, *indicates Bonferroni-adjusted p < 0.05.
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member with ID/LD (24.31%, n= 121) (Fig. 4B). Of the participants
with a rare, damaging variant, there were relatively more
dominant variants in moderate, severe, and profound ID (94.2%,
n= 98) than in mild ID (87.7%, n= 121) and in individuals without
a relative with ID/LD (94.4%, n= 151) than in those with a relative
with ID (86.0%, n= 104).

DISCUSSION
Finland is known to have an increase of low-frequency damaging
variants [9] and an internal bottleneck in the northern part of the
country [10]. In our cohort recruited from Northern Finland, we
found a burden of rare, damaging homozygous variants in known
recessive ID genes, reflecting the presence of autosomal recessive
ID in families with multiple affected probands. Yet overall, these
homozygous variants explain only a small proportion of ID cases in
our cohort (both familial and sporadic), pointing to the fact that
autosomal recessive ID is still a relatively uncommon cause for ID
in the Finnish population [35].
A larger proportion of ID in our study was explained by

dominant variation. We found a significant burden of rare loss of
function and damaging missense variants in known ID genes in all
patients, both mild and severe. This burden was enriched in ID
cases with more severe cognitive impairment and with features
typically associated with monogenic intellectual disability: dys-
morphic features or a sensory disability such as hearing or vision
impairment. Similarly, the burden of damaging de novo variants in
known ID genes was enriched in individuals with a sensory
disability or epilepsy, again features usually associated with
monogenic ID. Patients with more severe ID and monogenic
disease-associated features in our cohort are then more likely to
have a rare, damaging dominant variant than mild ID patients, but

there is still a burden of these rare, damaging variants in mild ID
patients compared to normal IQ individuals. This burden of
rare variation in mild ID patients may appear to be
counterintuitive considering the evidence that factors influencing
mild ID are similar to those influencing normal cognitive
functioning, but recent work has shown that rare, damaging
variants contribute to reduced cognitive functioning among even
normal IQ individuals [3, 4]. We therefore suggest that exome
sequencing, including the analysis of potential rare damaging
variants, should also be considered as a first-tier diagnostic test for
patients with mild ID.
In addition to a burden of rare, damaging variation, we found a

significant common variant burden in mild ID, severe ID and other
patients with features typically associated with monogenic ID. We
were unable to detect a difference in the common variant burden
between mild and more severely affected individuals or patients
with monogenic ID-associated features, though in our cohort this
may be due to lack of power. This is in line with previous work that
found that common genetic variation affects both the overall risk
and clinical presentation in severe neurodevelopmental disorders
previously considered to be monogenic [5, 6], even those in
families targeted for rare monogenic variant discovery [36].
When we included both common and rare variants in the same

model, we found that rare and common variant burdens were
additive throughout the spectrum of ID severity. Common and
rare variants together also had a notably better power in
explaining ID case status than rare or common variation alone.
This evidence for the additivity of rare and common variants in ID
in our cohort, throughout the spectrum of cognitive impairment,
family pedigree type, and comorbidity with monogenic disease-
associated features, suggests that there is an overlap of genetic
risk factors that give complicated pedigrees of individuals with

Fig. 4 Diagnostic rate in ID cases. A Overall diagnostic rate for ID patients (25.62%, n= 281), of which 23.25% (n= 255) were found to have a
heterozygous variant in a known dominant ID gene and 2.37% (n= 26) were found to have a homozygous variant in known recessive ID gene.
B Diagnostic rate for patient subsets. The total diagnostic rate for moderate, severe, and profound ID (31.52%, n= 104) was higher than that of
mild and unspecified ID (24.07%, n= 138). The total diagnostic rate for individuals without a family member with ID or a learning disability
(26.7%, n= 160) was higher than that for individuals with a family member with ID/LD (24.31%, n= 121).
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varying levels of affectedness. This model of overlapping genetic
risk factors has recently been proposed in autism spectrum
disorders [37].
Overall, we report here evidence for the additive burden of rare,

damaging variants and common variants affecting cognitive traits
throughout the spectrum of mild to more severe ID. Further
research into the specific characteristics of variants and genes and
their combination in individuals and families is needed to fully
explain the genetic factors contributing to the wide spectrum of
affectedness in intellectual disability.
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