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BACKGROUND
Pediatric disorders include a range of highly penetrant, genetically heterogeneous 
conditions amenable to genomewide diagnostic approaches. Finding a molecular 
diagnosis is challenging but can have profound lifelong benefits.
METHODS
We conducted a large-scale sequencing study involving more than 13,500 families 
with probands with severe, probably monogenic, difficult-to-diagnose develop-
mental disorders from 24 regional genetics services in the United Kingdom and 
Ireland. Standardized phenotypic data were collected, and exome sequencing and 
microarray analyses were performed to investigate novel genetic causes. We developed 
an iterative variant analysis pipeline and reported candidate variants to clinical teams 
for validation and diagnostic interpretation to inform communication with families. 
Multiple regression analyses were performed to evaluate factors affecting the prob-
ability of diagnosis.
RESULTS
A total of 13,449 probands were included in the analyses. On average, we reported 
1.0 candidate variant per parent–offspring trio and 2.5 variants per singleton pro-
band. Using clinical and computational approaches to variant classification, we 
made a diagnosis in approximately 41% of probands (5502 of 13,449). Of 3599 
probands in trios who received a diagnosis by clinical assertion, approximately 
76% had a pathogenic de novo variant. Another 22% of probands (2997 of 13,449) 
had variants of uncertain significance in genes that were strongly linked to mono-
genic developmental disorders. Recruitment in a parent–offspring trio had the 
largest effect on the probability of diagnosis (odds ratio, 4.70; 95% confidence 
interval [CI], 4.16 to 5.31). Probands were less likely to receive a diagnosis if they 
were born extremely prematurely (i.e., 22 to 27 weeks’ gestation; odds ratio, 0.39; 
95% CI, 0.22 to 0.68), had in utero exposure to antiepileptic medications (odds ratio, 
0.44; 95% CI, 0.29 to 0.67), had mothers with diabetes (odds ratio, 0.52; 95% CI, 
0.41 to 0.67), or were of African ancestry (odds ratio, 0.51; 95% CI, 0.31 to 0.78).
CONCLUSIONS
Among probands with severe, probably monogenic, difficult-to-diagnose develop-
mental disorders, multimodal analysis of genomewide data had good diagnostic 
power, even after previous attempts at diagnosis. (Funded by the Health Innovation 
Challenge Fund and Wellcome Sanger Institute.)
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Genomic sequencing has made ex-
traordinary strides toward identifying 
novel molecular causes for rare mono-

genic disorders and is becoming increasingly avail-
able in diagnostic clinics throughout the world.1,2 
Pediatrics has particularly benefited from the use 
of high-throughput next-generation sequencing 
technologies, partly because of the high clinical 
need and potential for lifelong benefit with diag-
nosis and treatment.3 In addition, an early presen-
tation of a patient with severe disease makes 
genetic diagnosis more feasible because causal 
variants are largely absent from control data sets.4

Progress in the genomic study of rare pediat-
ric diseases has been spearheaded by numerous 
diagnostic research groups across the world.5,6 One 
of the first studies to combine large-scale genomic 
research with individual patient feedback was 
the Deciphering Developmental Disorders (DDD) 
study,7-9 which recruited more than 13,500 fami-
lies and generated exome sequencing and micro-
array data, which were complemented by rich 
clinical phenotypes recorded by more than 200 
clinicians across the United Kingdom and Ire-
land. Here, we describe analytic strategies devel-
oped over a decade in the DDD study to identify 
and classify thousands of new molecular diagno-
ses and report the factors affecting the probability 
of receiving a diagnosis.

Me thods

Study Overview

The DDD study was approved by the Cambridge 
South Research Ethics Committee in the United 
Kingdom and the National Research Ethics Com-
mittee in the Republic of Ireland. A multicenter 
research collaboration was set up with all 24 re-
gional genetics services, and a management com-
mittee (comprising clinicians, scientists, and a 
bioethicist) was created to provide ongoing ethical 
oversight (Table 1). In addition to genomic and 
data scientists, a social scientist was employed 
to perform ethics research.10

Cohort

A total of 13,610 probands (88% of whom were 
recruited in family [parent–offspring] trios) were 
ascertained and recruited from April 2011 through 
April 2015 by consultant clinical geneticists, as-
sisted by research nurses and genetic counselors. 

Written informed consent for participation was 
obtained from the families. Eligibility criteria in-
cluded the presence of any of the following: neuro-
developmental disorders, congenital anomalies, 
abnormal growth measurements (>4 SDs above 
the mean for a single measurement or >3 SDs 
above the mean for ≥2 measurements), dysmorphic 
features, unusual behavioral phenotypes, and ge-
netic disorders that have large effects but for which 
the molecular basis was unknown. The study was 
initially limited to probands younger than 16 years 
of age at the date of recruitment, but this age 
limit was later removed (except in Scotland).

Most probands had previously undergone clin-
ical chromosomal microarray analysis (85%) or 
single-gene testing with or without chromosomal 
microarray analysis (53%) but had not received a 
diagnosis. Probands were assigned pseudonymized 
identifications, and basic clinical information, 
quantitative growth data, developmental mile-
stones, and Human Phenotype Ontology (HPO)11 
terms were recorded for all participants by way 
of a bespoke standardized interface in DECIPHER 
(Database of Genomic Variants and Phenotype in 
Humans Using Ensembl Resources; https://www 
. deciphergenomics . org).12

Genomic Analyses

Detailed assay protocols13,14 and variant-filtering 
pipelines7,15 have been described elsewhere (see the 
Supplementary Appendix, available with the full 
text of this article at NEJM.org). Briefly, the fol-
lowing three independent genomic assays were 
performed: exome sequencing of DNA samples 
from complete family trios and singleton probands 
(i.e., those who had not been recruited in a fam-
ily trio), exon-focused array comparative genomic 
hybridization (aCGH) of DNA from probands, 
and genomewide single-nucleotide polymorphism 
(SNP) genotyping of DNA from probands. Assay 
designs remained largely unchanged throughout 
the study.

Data sets were processed in batches, and 
multiple different algorithms were used to detect 
and annotate sequence and structural variants 
(Fig. 1). The inheritance status of variants in the 
proband was determined by means of compari-
son with parental data.16 For clinical reporting, 
we selected high-quality, rare, nonsynonymous 
variants overlapping genes in the Developmental 
Disorders Gene2Phenotype (DDG2P) database17 
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with the appropriate zygosity and inheritance 
pattern when available. We augmented this pipe-
line with additional analyses to find missing, 
probably causal variants, including “pathogenic” 
or “likely pathogenic” variants in the ClinVar 
database18 and de novo variants that were mo-
saic,19 created upstream open reading frames,20 
affected splicing,21 or were coding insertions or 
deletions of intermediate size22 or were caused 
by mobile element insertions23 or mosaic chromo-
somal alterations.24

Defining a Diagnosis

Candidate diagnostic variants that had been 
identified bioinformatically were evaluated for 
analytic and clinical validity by a central clinical 
review panel before being reported in batches to 
regional genetics teams by way of DECIPHER 
(April 2014 through April 2022) (Fig. 2). The re-
ferring clinician then evaluated the reported vari-
ant or variants, requested diagnostic laboratory 
confirmation when warranted, and communicat-
ed diagnoses to the families.

At the time of this analysis, clinical classifi-
cations of variant pathogenicity (i.e., “benign,” 
“likely benign,” “uncertain,” “likely pathogenic,” 
or “pathogenic”) and contribution to the pheno-
type (full, partial, unknown, or none) were re-
corded in DECIPHER for 84% of variants. These 
were supplemented by automated predictions for 
selected variant classification criteria (see the 
Supplementary Appendix) based on published 
guidelines from the American College of Medi-
cal Genetics and Genomics and the Association 
for Molecular Pathology (ACMG–AMP)25 and 
from the Association for Clinical Genetic Sci-
ence (ACGS).26 A provisional variant classifica-
tion was calculated with the use of a log-additive 
Bayesian framework described elsewhere (see the 
Supplementary Appendix).27 Variants with a pos-
terior probability of greater than 0.90 to 0.99 were 
classified as likely pathogenic, and those with a 
posterior probability of greater than 0.99 to 1.00 
were classified as pathogenic; variants with a 
posterior probability of 0.001 to less than 0.100 
were classified as likely benign, and those with 
a posterior probability of 0 to less than 0.001 
were classified as benign. For genes with 10 or 
more pathogenic or likely pathogenic variants, 
computational phenotype matching was performed 
with the use of a Bayesian classifier called 

IMPROVE-DD (Integrating Multiple Phenotype 
Resources Optimizes Variant Evaluation in Geneti-
cally Determined Developmental Disorders),28 with 
the application of the same Bayesian framework 
to combine variant classifications and gene–dis-
ease models; phenotype-based likelihoods were 
scaled appropriately and used at the evidence 
equivalent of “strong.”27 The number of diagno-
ses per gene is provided in Table S6 in the Sup-
plementary Appendix.

Probands were classified as having received a 
diagnosis if one or more variants or two or more 
compound heterozygous variants were annotated 
as pathogenic or likely pathogenic by either the 
proband’s referring clinician or according to the 
predicted classification and if the contribution 
to the phenotype was not clinically annotated as 
“none.” Factors influencing the chance of receiv-
ing a diagnosis (based on clinical annotation only) 
were investigated with the use of multivariable 
logistic regression among 13,368 probands for 
whom complete clinical and demographic data 
were available (see the Supplementary Appendix).

R esult s

Cohort Characteristics

The DDD study included 13,449 probands (9859 
in family trios) who had severe, previously undi-
agnosed developmental disorders and had avail-
able exome sequencing, exon-focused aCGH, and 
SNP genotyping data. The probands were recruited 
from across the United Kingdom and Ireland 
(median recruitment per center, 216 probands 
per million population; range, 69 to 588). The 
median age of the probands was 7 years (range, 
0 to 63) at the time of recruitment, and for par-
ents, the median age was 31 years (range, 15 to 
70) at the time of the proband’s birth. Among 
the probands, 42% were female, and 16% were 
of non-European ancestry (Table S1). The medi-
an number of HPO terms recorded per proband, 
including 65% of the probands with global de-
velopmental delay or intellectual disability, was 
6 (range, 1 to 36), and 72% of the probands were 
the only affected member of their family.

Genetic Findings

At the time of this analysis, 19,285 potentially 
pathogenic sequence and structural variants have 
been identified among the probands in the study 
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Table 1. Ethical Considerations in the DDD Study.*

Ethical Domain Key Issues Resolution of Issues in the Study

Building and maintain-
ing partnerships at 
clinical–research 
interface

Trust among researchers, clinicians, and patients 
and their families should be ensured.

A trade-off should be found between creating a 
large research data set and maintaining small 
clinical cohorts.

Practical ethical considerations should be man-
aged throughout the life cycle of the study.

Scientific scope was limited to understanding the causes 
of developmental disorders.

Local training sessions and regular discussions with 
stakeholders were held with respect to project plan-
ning and decisions.

Regular study management committee meetings and an-
nual national collaborator meetings were held.

Recruitment, consent, 
capacity, and eli-
gibility

Most probands in the study lacked the capacity to 
provide informed consent, because of either 
young age or intellectual disability.

Recruitment of underrepresented ethnic groups in 
research studies is a challenge.

Initial study eligibility was limited to persons  
<16 years of age, which created inequity; how-
ever, recruitment of adults who lack the capac-
ity to provide informed consent is extremely 
challenging, especially in Scotland.

Confidentiality of study participants should be pro-
tected when possible.

Detailed consent materials and a website were developed 
for families and guardians.

Study consent materials were translated into several dif-
ferent languages.

New consent materials were written, and recruitment was 
opened to adults with or without the capacity to pro-
vide informed consent in England, Wales, Northern 
Ireland, and Ireland.

Pseudonymized identifications were used throughout 
the study; minimum data required for research were 
stored in DECIPHER, and personal identifiable data 
(e.g., date of birth) were not stored in DECIPHER.

Sample inclusion, col-
lection, and verifi-
cation

Balance should be found between the scientific 
benefit of obtaining DNA samples from par-
ents and clinical concerns about the scope of 
genetic information and data management.

Many children with developmental disorders are 
very distressed by hospital visits to have blood 
samples drawn.

Sample mix-ups could occur in the study (e.g., 
within families, at recruitment centers, or at 
the Wellcome Sanger Institute).

The potential exists for the detection of incest or 
misattributed parentage.

Parents were recruited in the study with the agreement 
that their data would only be used when relevant to 
the understanding of their child’s disorder.

Saliva sample kits were used to collect child and parental 
samples, thereby allowing sample collection at home.

Genetic “barcodes” were created for all samples by ge-
notyping 60 SNPs; individual and family data were 
cross-checked.

Potential safeguarding issues were flagged to the refer-
ring clinical team; discordant samples or biologically 
unrelated parents were excluded from further analysis.

Sharing clinically rel-
evant variants

Public opinion about feedback of incidental find-
ings from genomics research was largely un-
known and unexplored.

Balance should be found between the benefits and 
harms of returning different types of clinically 
actionable findings.

Pertinent findings (i.e., potentially relevant to the 
child’s developmental disorder) were deemed 
to be within the scope of research study and 
clinical testing, in which case the benefits are 
likely to outweigh the harms to the family.

Incidental findings and findings with unclear rele-
vance, particularly in children, were deemed to 
be outside the scope and expertise of clinicians 
and researchers, in which case the harms to 
the family are likely to outweigh the benefits.

An ethics and social science researcher was embedded in 
the study to investigate attitudes among the public, 
patients, scientists, and health care professionals to-
ward the feedback of incidental findings in genomics.

Study documentation stated that pertinent findings would 
be reported to clinical teams for communication with 
families but incidental findings would not.

The DDG2P database and variant-filtering rules were 
developed to select plausibly pathogenic variants for 
reporting into linked DECIPHER records; genes in the 
DDG2P database that were also associated with adult-
onset diseases were flagged for review.

Pathogenic variants and phenotypes were shared openly 
by way of DECIPHER once a family had been in-
formed.

Sharing genomewide 
variants

Requests were received from parents in the study 
for genomic data to be returned directly to 
them.

Access to research data should be prioritized for 
the hundreds of scientists and clinicians in-
volved in the recruitment of and provision of 
care for families in the study.

Research data should be shared widely with exter-
nal researchers to advance research, but data 
sets are sensitive, since they relate to severely 
unwell children, and consent to access data is 
limited to the purpose of understanding the 
causes of developmental disorders.

Requests for genomic data regarding the individual 
or family were declined on the basis of concerns 
about sample identity, a lack of resources to provide 
informatics-related support, and potential inability to 
mitigate against unintended consequences.

The Collaborative Analysis Project system was created, in 
which research plans were reviewed by the manage-
ment committee and data were shared by means of a 
secure file-transfer protocol.

Genomic data were shared with bona fide research-
ers under managed access by way of the European 
Genome–Phenome Archive; anonymized variants of 
potential relevance were shared through DECIPHER 
as research variants.
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and returned to referring clinicians through up 
to six rounds of iterative reanalysis and batch re-
porting involving 18 different variant-detection 
algorithms (Fig. 1 and Table S2).7,15 The majority 
of variants were identified with the use of the 
DDG2P database, a clinically curated database of 
1840 genes associated with developmental disor-
ders,17 which was updated at a rate of approxi-
mately 100 genes per year through literature cura-
tion and cohortwide enrichment analyses. Included 
in DDG2P were 60 genes associated with devel-
opmental disorders that had been newly identi-
fied in the study (Fig. 2).5,13,14,29,30

A total of 44% of the reported variants were 
in genes that had been added to the DDG2P da-
tabase after the first round of reporting in 2014. 
The majority of reported variants were single-
nucleotide variants and small insertions or dele-
tions that were detected with the use of exome 
sequencing data (71% were protein-altering, 19% 
protein-truncating, and 3% noncoding variants); 
structural variants were identified through a com-
bination of microarray and exome sequencing 
analyses (6% were copy-number variants and 1% 
other structural variants) (Fig. 2). On average, 
1.0 variant was reported per family trio and 2.5 
variants were reported per singleton proband 
(Fig. S1), and probands with non-European an-
cestry had more variants reported (Fig. S2). Each 
new round of analysis resulted in approximately 
1 additional variant being reported for every six 
family trios (Fig. S3).

In findings consistent with those of similar 
studies,1,3,31 de novo variants in the proband and 
variants inherited from a mosaic parent (i.e., 
postzygotic parental de novo variants) in domi-
nant genes provided the highest diagnostic yield, 
with 79% of reported variants being clinically 
classified as pathogenic or likely pathogenic. In 

contrast, 32% of variants in autosomal recessive 
conditions, 23% of those that were maternally 
inherited on the X chromosome, and 11% of 
those in autosomal dominant conditions inher-
ited from an affected parent or with unknown in-
heritance were clinically classified as pathogenic 
or likely pathogenic (Fig. S4).

Concordance between clinical and predicted 
classifications of variant pathogenicity and be-
nignity was high, with 4425 concordant variants 
— a result that corresponds with a sensitivity of 
our hybrid approach of 99.5%, a specificity of 
85.0%, a positive predictive value of 96.5%, and 
a negative predictive value of 97.9% (Fig. S6).25-27 
Discrepancies (149 nonconcordant variants [3%]) 
were due to false positive variant calls, incorrect 
clinical classifications (e.g., atypical disease pre-
sentations), or inappropriate ACMG–AMP or ACGS 
criteria assignment (e.g., incorrect disease mech-
anisms). On the basis of concordance between 
clinical and predicted classifications of variant 
pathogenicity, we estimated that a minimum of 
3347 of the 13,449 probands (25%) received a 
diagnosis; this proportion increased to 4363 (32%) 
for probands who received a predicted diagnosis, 
to 4484 (33%) for probands with a diagnosis 
through clinical assertion, and to 5502 (41%) for 
probands with a clinical or predicted diagnosis 
(Fig. 3).

Among the 4484 probands who received a 
diagnosis by means of clinical assertion, 3599 
were in family trios, 2750 of whom (76%) had a 
pathogenic de novo variant (Table S5). Of these 
4484 probands, 561 (13%) received a partial di-
agnosis, and 121 (3%) received two or more dif-
ferent genetic diagnoses, potentially resulting in 
a composite phenotype (with the inclusion of 
computational predictions, this proportion in-
creased to 359 of 5502 probands [7%]).33 Al-

Ethical Domain Key Issues Resolution of Issues in the Study

Managing withdrawal Study participants were allowed to withdraw from 
the study at any time; therefore, a range of ac-
tions was required to manage samples, data, 
and associated records.

Previously shared data cannot be withdrawn and 
may be required to support published findings.

If a withdrawal request was received, related samples 
were destroyed, unshared data were removed, and 
individual DECIPHER records were deleted to break 
any link to the family.

Data in previously published data sets were not with-
drawn, as stated in consent materials.

*  The Deciphering Developmental Disorders (DDD) study depended on the integration of ethics into decision making and collaboration 
building, both upfront and throughout the project, a factor that allowed important ethical questions to be identified and ethical policies to 
be developed through a consensual process. DECIPHER denotes Database of Genomic Variants and Phenotype in Humans Using Ensembl 
Resources, DDG2P Developmental Disorders Gene2Phenotype, and SNP single-nucleotide polymorphism.

Table 1. (Continued.)
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though 4020 of the 13,449 probands (30%) had 
no reported variants, 4945 (37%) either had be-
nign or likely benign variants only (866 probands) 

or had variants of uncertain significance (4079 
probands). With the inclusion of computational 
predictions, the number of probands with vari-

Figure 1. Overview of Variant-Detection and Variant-Filtering Pipelines Used in the Study.

Physician–patient interactions in the Deciphering Developmental Disorders (DDD) study were supported through the use of DECIPHER  
(Database of Genomic Variants and Phenotype in Humans Using Ensembl Resources), including recruitment, barcoded sample collection 
and phenotyping at the start, and variant reporting, diagnostic interpretation, and discussion of results at the end. Genomic assays are 
shown above the three gray icons. Variant callers and analytic processes are annotated on arrows (further details and references are provided 
in the Supplementary Appendix). Once candidate variants were deposited in DECIPHER, clinical judgment was used to assess whether a pa-
tient’s phenotype was consistent with the genotype before returning confirmed diagnoses to families. The abbreviation aCGH denotes array 
comparative genomic hybridization, CNVs copy-number variants, DDG2P Developmental Disorders Gene2Phenotype, indels insertions or 
deletions, MAF minor allele frequency, MEI mobile element insertion, OMIM Online Mendelian Inheritance in Man database, P/LP “patho-
genic” or “likely pathogenic” (variants in the ClinVar database), SNP single-nucleotide polymorphism, SNVs single-nucleotide variants, SVs 
structural variants, UPD uniparental disomy, uORF upstream open reading frame, VCFs variant call files, and VEP variant effect predictor.
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ants of uncertain significance decreased to 2997 
(22%), among whom 99 (0.7%) had variants with 
a predicted Bayesian posterior probability of 
pathogenicity of 0.8 to 0.9. High concordance 
was also seen in the subset of variants for which 
we were able to derive a phenotype-based gene–
disease model with the use of IMPROVE-DD,28 
and the classification of a further 18 variants of 
uncertain significance was raised to likely patho-
genic on the basis of the individual patient’s 
phenotype.

Factors Influencing Diagnostic Yield

We performed multivariable logistic regression 
to investigate how demographic, clinical, pheno-
typic, prenatal, and ancestral factors affected the 
chance of receiving a clinical diagnosis in the 
DDD study (Fig. 4). The model explained approxi-
mately 14% of the variance. Recruitment in a 
family trio had the largest effect on the chance of 
receiving a diagnosis (odds ratio, 4.70; 95% con-
fidence interval [CI], 4.16 to 5.31). Other factors 
that considerably increased the chance of receiv-
ing a diagnosis included the presence of severe 
intellectual disability or developmental delay (odds 
ratio, 2.41; 95% CI, 2.10 to 2.76), longer time in-
terval since recruitment (increased odds of receiv-
ing a diagnosis, 1.25 per additional year; 95% CI, 
1.20 to 1.30), being the only affected family mem-
ber (odds ratio, 1.74; 95% CI, 1.57 to 1.92) or hav-
ing fewer affected first-degree relatives (Fig. S7), 
the presence of features suggestive of a syndrome 
(odds ratio, 1.23; 95% CI, 1.12 to 1.34), and great-
er number of organ systems affected (increased 
odds of receiving a diagnosis, 1.08 per additional 
organ system; 95% CI, 1.06 to 1.11).

Probands were less likely to receive a diagno-
sis if they were born extremely prematurely (odds 
ratio, 0.39; 95% CI, 0.22 to 0.68), had in utero 
exposure to antiepileptic medications (odds ra-
tio, 0.44; 95% CI, 0.29 to 0.67), or had mothers 
with diabetes (odds ratio, 0.52; 95% CI, 0.41 to 
0.67). Other factors that reduced the odds of re-
ceiving a diagnosis were male sex (odds ratio, 0.72; 
95% CI, 0.67 to 0.79) and greater degree of homo-
zygosity due to consanguinity (decreased odds of 
diagnosis, 0.72 for each increase equivalent to 
the offspring of first cousins; 95% CI, 0.62 to 0.83). 
The diagnostic yield was lower among probands of 
African ancestry than among those of other an-
cestries (odds ratio, 0.51; 95% CI, 0.31 to 0.78), 
a finding that was driven by fewer diagnoses 
among singleton probands (Fig. S8).

Discussion

In the DDD study, molecular diagnoses have been 
identified and communicated to thousands of 
families across the United Kingdom and Ireland 
that are affected by severe, previously undiagnosed 
developmental disorders. Despite the provision 
of clinical genetic and genomic testing services 
across the United Kingdom and Ireland, these 
probands show how a genome-driven approach 
in combination with detailed phenotyping can 
improve diagnostic yield over the previous stan-
dard of care. Our analysis highlights the value of 
using diverse and agnostic variant-detection meth-
ods in combination with stringent variant-filtering 
rules and repeated, iterative variant analysis and 
classification to enable new diagnoses to be made 
from existing data.15

The high burden of pathogenic de novo vari-
ants and the current diagnostic yield of approxi-
mately 41% are consistent with the findings in 
similar studies.34 Our analysis supports clinical 
intuition about the likelihood of establishing a 
molecular diagnosis in patients with develop-
mental disorders (with the likelihood being af-
fected by attributes such as the availability of 
parental genotype data, as well as sex, ancestry, 
and degree of phenotypic severity of the proband) 
and moves toward quantifying the expectation of 
making such a diagnosis. The work also high-
lights groups with lower diagnostic yield in our 
cohort (e.g., those who were not recruited in a 
family trio, families with multiple affected mem-
bers, probands of non-European ancestry, and 
probands with high consanguinity) and rein-
forces the imperative to increase participation in 
research involving underrepresented groups. Pro-
bands of African ancestry had a particularly low 
diagnostic yield, owing in part to the lack of 
ancestry-matched controls to estimate allele fre-
quency and the lower likelihood of being recruit-
ed in a family trio.

With the exclusion of cohort-specific factors, 
our multivariable logistic-regression model pre-
dicted a diagnostic yield of 52% among pro-
bands in the top decile of probability of receiv-
ing a diagnosis, as compared with a yield of 16% 
among probands in the bottom decile. We hypoth-
esize that the lower diagnostic yield observed 
among probands with certain prenatal risk fac-
tors reflects a larger role of environmental influ-
ences that affect them. Premature birth,35 maternal 
diabetes,36 and in utero exposure to antiepileptic 
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medications37 are known risk factors for devel-
opmental disorders. Further exploration is needed 
to better understand the relative contributions and 
interplay of genetic and environmental influences 
in this cohort.

The genetic architecture of developmental dis-
orders is heterogeneous; although the large bur-
den of highly penetrant de novo variants facili-
tates both diagnosis and large-scale gene–disease 
discovery,5 the number of composite and partial 
diagnoses suggests that many probands are likely 
to have multiple contributing factors, including 

both rare and common incompletely penetrant 
genetic variants and nongenetic causes. On the 
basis of a liability-threshold model of disease,38 
probands who have a substantial environmental 
contribution may require less severe or even no 
large-effect genetic variants for a neurodevelop-
mental disorder to develop. Nonetheless, statistical 
analyses of mutational burden suggest that many 
more diagnoses remain to be found in protein-
coding genes than in noncoding elements.39 These 
diagnoses will most likely be identified through 
the discovery of novel associations between genes 
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and developmental disorders (especially for dom-
inant disorders), evaluation of incompletely pen-
etrant variants, and functional assays to improve 
interpretation of existing candidate variants. 
Ultimately, clinical interpretation remains indis-
pensable for determining the relevance of ge-
nomic findings for an individual patient.

The DDD study used a hybrid clinical–research 
approach that involved the development of new 
methods to facilitate both large-scale analysis 
and individual variant feedback, which has since 
become standard practice in genomic medicine. 
The study primarily recruited infants and children 
and hence pioneered a conservative approach to 
individual variant feedback that focused on diag-
nosis7-9 while exploring clinicians’ attitudes to-
ward communicating incidental findings40 that 
influenced subsequent approaches.1 A large net-
work of expert clinicians and researchers and 
the integration of ethics at a high level through-

out the project life cycle served to both facilitate 
collaboration and enable real-time ethical issues 
to be openly and responsibly addressed (Table 1). 
To date, in addition to making thousands of new 
diagnoses for patients, the study has resulted in 
more than 290 publications (https://www . ddduk 
. org/  publications . html), identified approximately 
60 new disorders, and enabled more than 350 
genotype- or phenotype-specific projects led by 
clinician and researchers across all 24 recruit-
ment sites. DECIPHER12 was another key com-
ponent in the study, enabling nationwide re-
cruitment, systematic phenotyping, individual 
feedback, variant interpretation, and data shar-
ing. DECIPHER is a live online platform that 
allows reported variants to be reevaluated with 
current data (e.g., gene–disease associations, 
population frequencies, and co-located variants 
reported in the ClinVar database, DECIPHER, or 
publications) each time a patient is assessed in 
the clinic, thereby facilitating new opportunities 
for diagnosis as knowledge grows.

Although many of our conclusions are widely 
applicable across a range of rare diseases, the 
generalizability is limited by a number of fac-
tors. Recruitment of families after clinician-led 
differential diagnosis and routine diagnostic 
testing (karyotyping, aCGH, and targeted single-
gene testing) resulted in a cohort that was prob-
ably depleted of clinically recognizable syndromes, 
large pedigrees with segregating pathogenic vari-
ants, recessive conditions in consanguineous fam-
ilies, and large structural variants. These biases 
will reduce the estimated diagnostic yield relative 
to first-tier testing and skew the factors affecting 
the chance of receiving a diagnosis. The diagnos-
tic yield in this study therefore represents a 
conservative estimate; higher yields would be 
anticipated if genomic sequencing had been of-
fered as a first-line investigation. Our genotyping 
approach (exome sequencing and microarray 
analyses) did not assay most noncoding variants 
and could not detect all complex structural vari-
ants or tissue-specific mosaicism, and our ana-
lytic approach was insensitive to incomplete pen-
etrance. Furthermore, the study was not funded 
to capture longitudinal phenotype data, evaluate 
parental phenotypes in detail, record the effect 
of diagnosis on subsequent clinical management 
in families, or comprehensively assess social or 
environmental contributions to developmental 
disorders — all of which, in retrospect, would 

Figure 2 (facing page). Variants Identified in the Study 
and Deposited in DECIPHER.

Panel A shows variant classes reported in DECIPHER. 
Sequence variants were detected with the use of 
exome sequencing and included variants smaller than 
100 bp among genes in the DDG2P database; structur-
al variants range from those larger than 100 bp to 
whole chromosomes and were detected with the use 
of microarray and exome sequencing analyses. Panel B 
shows changes in the DDG2P database and the num-
ber of variants reported and annotated as “pathogenic” 
or “likely pathogenic” with time. Gene–disease entities 
were added to the DDG2P database after curation of 
the literature by consultant clinical geneticists or after 
burden analyses performed in the study. DNA samples 
from participants were sequenced and analyzed in 
batches on the basis of recruitment date, sample re-
ceipt, and family trio status. Variant filtering was re-
peated over the course of the study to enable evalua-
tion of novel variants and variants in newly included 
genes. As a result of this iterative variant-filtering strat-
egy, some probands were evaluated up to six times, 
and all were evaluated at least twice (Fig. S3 in the 
Supplementary Appendix). After evaluation, variants 
were deposited in DECIPHER, usually in batches, for 
evaluation by clinical teams. Clinical annotation of 
pathogenicity was not immediate on deposition, but 
once annotated, most (97%) of the variants did not 
change their annotation. Blue shading indicates the cu-
mulative number of reportable genes in the DDG2P 
database, the red dotted line the cumulative number of 
total variants identified in the study that were deposit-
ed in DECIPHER, and the red continuous line the cu-
mulative number of clinically annotated pathogenic or 
likely pathogenic variants identified in the study that 
were deposited in DECIPHER.
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have enhanced the project. Finally, despite the 
large cohort size, because of the enormous ge-
netic and phenotypic heterogeneity, we often had 
insufficient numbers of probands (particularly 
across different ancestries) with the same ultra-

rare condition to enable confident variant inter-
pretation, a factor that highlights the need to 
aggregate phenotype information and structured 
electronic health data across cohorts internation-
ally to improve variant interpretation.

Figure 3. Diagnoses in the DDD Study.

Panel A shows a Venn diagram of the overlap of diagnoses based on clinical assertion (white), predicted variant classifications based on 
guidelines from the American College of Medical Genetics and Genomics–Association for Molecular Pathology (ACMG–AMP) and the 
Association for Clinical Genetic Science (ACGS) (gray), and augmented with phenotype-based IMPROVE-DD (Integrating Multiple Phe-
notype Resources Optimizes Variant Evaluation in Genetically Determined Developmental Disorders) gene–disease models (blue). The 
diagram was created with the use of the eulerr R package, version 6.1.1 (R Project for Statistical Computing). Panel B shows the diag-
nostic yields for family trios and singleton probands based on clinical or predicted (or both) variant classifications. Panel C shows an ex-
ample of computational Bayesian variant classification, incorporating genotypic and phenotypic data in a proband in the study. The pos-
terior probability values inside the arrow indicate the probability of the variant being pathogenic. Only PM2, indicating that the variant is 
absent in a control cohort of approximately 140,000 people, could be applied to the missense variant, which resulted in an uncertain 
classification; however, the proband’s phenotype was consistent with the IMPROVE-DD model for NSD1, thereby allowing the variant 
classification to be upgraded to “likely pathogenic.” Additional data (e.g., epigenomic profiling)32 were used to further increase the ro-
bustness of the diagnosis of the Sotos syndrome. Different pathogenicity prediction algorithms provided conflicting results. Scores de-
rived with the Sorting Intolerant from Tolerant (SIFT) algorithm range from 0 to 1, with lower scores indicating greater deleteriousness. 
Phred-scaled scores derived with the Combined Annotation–Dependent Depletion (CADD) tool range from 1 to 99, with higher scores 
indicating greater deleteriousness (scaled scores >20 indicate a raw score within the top 1% of all possible reference genome SNVs). 
Scores derived with the Rare Exome Variant Ensemble Learner (REVEL) method range from 0 to 1, with higher scores indicating higher 
likelihood of pathogenicity. Scores derived with the Polymorphism Phenotyping 2 (PolyPhen-2) tool range from 0 to 1, with higher 
scores indicating a greater likelihood that the variant is damaging. Scores derived with the SpliceAI algorithm range from 0 to 1, with 
higher scores indicating a greater likelihood that the variant alters splicing. HPO denotes Human Phenotype Ontology.
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Through its genomic analysis of a large clini-
cal cohort using a hybrid clinical–research model, 
this study shows how the fusion of clinical ex-
pertise, genomic science, and bioinformatics can 
drive diagnosis and discovery in families in which 
standard, phenotypically driven diagnostic ap-
proaches have failed.
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Figure 4. Factors Influencing the Probability of Receiving a Diagnosis.

The odds associated with receiving a full or partial diagnosis in the study (on the basis of clinician assertions of variant pathogenicity) 
are shown for covariates included in a multivariable logistic-regression model with adjustment for recruitment center and number of 
variants reported in DECIPHER. A total of 81 probands were excluded owing to missing information or suspected errors in phenotyping. 
A small group of probands whose status was classified as “unknown” for the factors of “proband only affected family member” and 
“neonatal intensive care unit (ICU) stay” are not shown in the plot but were included in the model as a categorical group. Odds ratios 
and 95% confidence intervals (CIs) are given for binary and categorical variables (nonitalicized), and changes in odds per 1-unit increase 
in measure and 95% CIs are given for quantitative variables (italicized); the widths of the 95% CIs have not been adjusted for multiplici-
ty, and the intervals may not be used in place of hypothesis testing. In the premature birth vs. term category, term was defined as 37 or 
more weeks’ gestation, moderately premature as 32 to 36 weeks’ gestation, very premature as 28 to 31 weeks’ gestation, and extremely 
premature as 22 to 27 weeks’ gestation. Results of further analysis of the number of affected first-degree relatives are provided in Figure 
S7, and results of further analysis of ancestry are provided in Figure S8. ID/DD denotes intellectual disability or developmental delay.
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