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A B S T R A C T

Purpose: We sought to evaluate outcomes for clinical management after a genetic diagnosis
from the Deciphering Developmental Disorders study.
Methods: Individuals in the Deciphering Developmental Disorders study who had a pathogenic/
likely pathogenic genotype in the DECIPHER database were selected for inclusion (n = 5010).
Clinical notes from regional clinical genetics services notes were reviewed to assess predefined
clinical outcomes relating to interventions, prenatal choices, and information provision.
Results: Outcomes were recorded for 4237 diagnosed probands (85% of those eligible) from all
24 recruiting centers across the United Kingdom and Ireland. Clinical management was reported
to have changed in 28% of affected individuals. Where individual-level interventions were
recorded, additional diagnostic or screening tests were started in 903 (21%) probands through
referral to a range of different clinical specialties, and stopped or avoided in a further 26 (0.6%).
Disease-specific treatment was started in 85 (2%) probands, including seizure-control
medications and dietary supplements, and contra-indicated medications were stopped or
avoided in a further 20 (0.5%). The option of prenatal/preimplantation genetic testing was
discussed with 1204 (28%) families, despite the relatively advanced age of the parents at the
time of diagnosis. Importantly, condition-specific information or literature was given to 3214
(76%) families, and 880 (21%) were involved in family support groups. In the most common
condition (KBG syndrome; 79 [2%] probands), clinical interventions only partially reflected
the temporal development of phenotypes, highlighting the importance of consensus
management guidelines and patient support groups.
Conclusion: Our results underscore the importance of achieving a clinico-molecular diagnosis to
ensure timely onward referral of patients, enabling appropriate care and anticipatory
surveillance, and for accessing relevant patient support groups.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American College of Medical

Genetics and Genomics. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
Introduction

Despite widespread use of genomic testing in children
with developmental disorders (DD), relatively little has
been documented about the outcomes after a genetic
diagnosis in this group of patients.1 Steady advances in
genomic technologies, including DNA microarray anal-
ysis and exome/genome sequencing, have resulted in the
identification of a monogenic cause in around half of
individuals affected with a presumed genetic DD.2–4 The
most widely reported outcome from genome-wide
sequencing is the diagnostic yield,2 but the clinical
management implications of a diagnosis have been less
well documented. The value of a diagnosis to the family
may include genetic counseling, accessing patient support
groups, and reproductive planning (https://www.
undiagnosed.org.uk/support-information/what-does-getting-
a-genetic-diagnosis-mean/).5 However, the value for
clinical management has been less clearly documented,
and it has sometimes been assumed that in many cases
nothing different can be done to manage the affected
child,6 rendering a precise molecular diagnosis an addi-
tional detail rather than a pivotal point in the ongoing
management of the child and their family.

We sought to investigate outcomes in families affected
by severe DD for which a genetic diagnosis was made
through the Deciphering Developmental Disorders (DDD)
Study, which recruited families affected by severe
undiagnosed DD from across the United Kingdom and
Republic of Ireland. Families were recruited, phenotyped,
and managed by regional clinical genetics teams and were
genotyped centrally to find novel genetic causes for their
conditions. Likely genetic diagnoseswere communicated to
clinicical teams via DECIPHER prior to discussion with
families where relevant.7–9 By including outcomes data
from across the whole of the United Kingdom and Republic
of Ireland, we were able to systematically analyze in-
terventions in >4200 diagnosed probands and evaluate the
management of individuals affected by the same syndromes.
Materials and Methods

Eligibility

Probands with severe previously undiagnosed DD, as defined
by the eligibility criteria,10 were recruited into the DDD study
and analyzed using microarrays (array comparative genomic
hybridization, 2X 1M probes, and Single Nucleotide
Polymorphism [SNP] genotyping arrays) and exome
sequencing, as described previously.7–9 Probands were
selected for follow-up to investigate outcomes if they had
received a likely diagnosis from the DDD study reported to
referring clinical geneticists via DECIPHER11 as of 8 March
2021 (n = 5010), herein defined as a clinician-annotated
pathogenic/likely pathogenic genotype,4 or de novo variant

http://creativecommons.org/licenses/by/4.0/
https://www.undiagnosed.org.uk/support-information/what-does-getting-a-genetic-diagnosis-mean/
https://www.undiagnosed.org.uk/support-information/what-does-getting-a-genetic-diagnosis-mean/
https://www.undiagnosed.org.uk/support-information/what-does-getting-a-genetic-diagnosis-mean/


H. Copeland et al. 3
or biallelic loss-of-function variant in a curated database of
known DD Gene-2-Phenotype (DDG2P) genes.12

Data collection

Parental ages, quantitative growth data and Human Pheno-
type Ontology (HPO)13 terms were prospectively collected
on all probands in the DDD study. A clinical outcomes
questionnaire was subsequently designed based on a pilot
study,1 including questions relating to treatment, testing/
screening, reproductive choice, information provision, and
adverse outcomes relating to receiving a diagnosis. In
addition to single response questions (Table 1), further
detailed information was collected in free-text format on
specific medical interventions (treatments and testing/
screening), referring specialties, and adverse outcomes
(Supplemental Material). The questionnaire was codified
into a standardized pro forma and circulated to each
Regional Genetics Service to complete for their diagnosed
DDD families using clinical notes from regional clinical
genetics services, including a pseudonymized DECIPHER
ID linked to the diagnosis for each proband. Data were
collated from March 2021 to July 2022. Variants were
confirmed in an National Health Service diagnostic labora-
tory where appropriate.
Results

Overview of cohort

Outcomes data were recorded on 4237 diagnosed DDD
probands (47% female) by 24 Regional Genetics Services
Table 1
Table 1 Summary of single response question results from 4237 diagnos

Topic Question

Interventions Is a diagnosis-specific treatment available?a

Interventions Were any one-off investigations performed as a
Interventions Was the proband referred to a different specialt
Interventions Were there any interventions avoided as a result
Interventions If diagnosis earlier could any interventions have
Interventions Additional research/clinical trials available?
Reproductive Has there been any pregnancies since the result
Reproductive Would PND be an option if family wished and ap
Reproductive Was PND discussed in clinic?
Reproductive Was PND performed?
Reproductive Was PGT discussed in clinic?
Reproductive Was PGT performed?
Information/support Is diagnosis-specific information available?
Information/support Was this information given/signposted to the fa
Information/support Were the family given any scientific literature ab
Information/support Were the family included in a scientific article?
Information/support Has the family been involved in a patient suppo
Adverse outcomes Are there any known adverse outcomes?a

DDD, Deciphering Developmental Disorders; PGT, preimplantation genetic test
aFurther information requested in free-text form in separate table (see Suppl
across the United Kingdom and Republic of Ireland
(range = 42-316 probands per center, Figure 1). Diagnoses
spanned >800 unique rare conditions and included both
small single-gene variants and large multigenic structural
variants, with inheritance patterns including autosomal
dominant (68% de novo, 7% inherited from an affected
parent, and 8% with unknown inheritance), autosomal
recessive (11%), X-linked (5%), and multiple diagnoses
with different inheritance classes (1%).4 The median time
from recruitment to result was 3.4 years (range: 1.1-9.4
years), at which point probands were a median of 11 years
old (range: 1.8-55 years) and parents were a median of 43
years old (range: 20-90 years; Figure 2).

Management of proband

Clinical outcomes that occurred following a diagnosis in
4237 DDD families are summarized in Table 1. Impor-
tantly, clinical management of the affected individual was
reported to have changed in 28% (n = 1183) of diagnosed
DDD probands as a result of receiving a genetic diagnosis,
which ranged from 11% to 52% across the different
regional genetics services (Figure 1). Clinical management
is here defined to mean any treatment, testing, or screening
of the proband, which could have been started, stopped,
avoided, or reviewed; it excludes prenatal testing because
this does not relate directly to management of the pro-
band’s health, and joining support groups or accessing
special educational services such as these are not directly
clinical. This range may reflect differences in workforce
capacity across different centers. There were no differences
in rates of interventions between male and female pro-
bands, and no major differences between genetically
ed families in the DDD study

Yes No Unknown

144 (3%) 3928 (93%) 165 (4%)
result of diagnosis?a 749 (18%) 3325 (78%) 163 (4%)
y for any screening?a 799 (19%) 3295 (78%) 143 (3%)
of diagnosis?a 53 (1%) 3884 (92%) 300 (7%)
been avoided? 418 (10%) 3387 (80%) 432 (10%)

1207 (28%) 2483 (59%) 547 (13%)
? 235 (6%) 3006 (71%) 996 (24%)
plicable? 3029 (71%) 544 (13%) 664 (16%)

1205 (28%) 2432 (57%) 600 (14%)
78 (2%) 3741 (88%) 418 (10%)
340 (8%) 3293 (78%) 604 (14%)
31 (1%) 3809 (90%) 397 (9%)

2798 (66%) 1076 (25%) 363 (9%)
mily? 2480 (59%) 1308 (31%) 449 (11%)
out the condition? 1563 (37%) 2189 (52%) 485 (11%)

772 (18%) 2651 (63%) 814 (19%)
rt group? 880 (21%) 1395 (33%) 1962 (46%)

95 (2%) 3750 (89%) 392 (9%)

ing; PND, prenatal diagnosis.
emental Material).



Figure 1 Summary of diagnosed DDD probands per center. Number of diagnosed Deciphering Developmental Disorders probands
included in study (left) and percentage with interventions (treatment or testing; right) separated by the 24 Regional Genetic Services across
the UK and Ireland. Black dotted line = mean across study.
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defined ancestry groups (albeit within a cohort with limited
diversity).4

Detailed individual-level information about specific in-
terventions was available for the majority of those in whom
clinical management was altered (83%; n = 984) and is
summarized in Figure 3. Treatment was altered in 143 pro-
bands (3%), which included starting, reviewing, stopping, or
avoiding specific therapies. Recurrently prescribed medica-
tions included drugs to control seizures (eg, carbamazepine,
clonazepam, lamotrigine, and topiramate) and specific dietary
supplements (eg, folate, creatinine, carnitine, and ornithine).
Interventions include probands who accessed prophylactic
treatment to reduce the risk of condition-specific complica-
tions (eg, retinal detachment in Stickler syndrome). Further
medical investigations were performed in 937 probands
(22%) through referral to a wide range of nongenetics spe-
cialists for further clinical input to manage associated phe-
notypes, including screening and/or nongenetic diagnostic
testing. The largest number of referrals were made to cardi-
ology (28%), followed by nephrology (13%), ophthalmology
(11%), radiology (10%), neurology/pediatric neurology (7%),
endocrinology (7%), primary care (4%), condition-specific or
specialist metabolic clinics (4%), audiology (3%), dentistry
(2%), dermatology (2%), orthopedics (1%), and ear, nose,
and throat, respiratory, general pediatrics, psychiatry/clinical
psychology, and urology (all <1%). A third of referred pro-
bands were referred for multiple different investigations or to
multiple nongenetics specialists to manage different aspects
of their phenotype, highlighting the complexity of genetic
DD syndromes. Free-text information gathered also indicated
that additional phenotypic features were detected and
managed in many probands after these referrals, reflecting the
value of timely diagnosis and referral for identifying com-
plications and providing appropriate multi-disciplinary care.
In 418 probands (10%), it was reported that some in-
terventions (such as magnetic resonance imaging scans and
muscle biopsies) could have been avoided if the diagnosis
had been made earlier.
Management of family

In addition to medical management of the affected proband,
we also investigated wider clinical management of the
family following their diagnosis. Condition-specific infor-
mation or support was provided to 3214 families (76%),
including scientific literature and/or patient information
leaflets. Remarkably, 772 (18%) of families had been
included in condition-specific scientific publications, which
likely reflects the rarity and recent discovery of many of the
disease-associated genes. At the time of data collection,
prenatal diagnosis or preimplantation genetic testing had
been discussed with 1222 families (29%) and performed in
103 (2%). It is likely these proportions would have been
higher had parents been younger at the point of receiving the
diagnosis (Figure 2), and only 235 (6%) of parents had a
confirmed pregnancy since receiving their child’s genetic
diagnosis. Finally, reflecting the fact that receiving a
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diagnosis does not always provide welcome news, a
diagnosis-related adverse outcome was reported in 20 fam-
ilies (0.47%), in whom parental or patient anxiety resulted in
additional clinic appointments. Reasons given for anxieties
related to a range of issues, including the possibility of
phenotype progression (based on other individuals affected
with the same condition), the prospect of additional in-
terventions, the lack of diagnosis-specific information, po-
tential risks to other family members, and changes to a
previous diagnostic result (either a previous missed or
misdiagnosis14).

Data aggregation to build knowledge

We further sought to compare phenotypes and outcomes
between probands of different ages diagnosed with the same
condition. In our data set, 37 genes had diagnostic variants
in >20 probands, together accounting for 1218 (29%) of
diagnoses.4 Of these, we focused on 3 well-established
exemplar genes: ANKRD11 (KBG syndrome; n = 79),15

which has the largest number of DDD diagnoses;
CTNNB1 (neurodevelopmental disorder with spastic
diplegia and visual defects; n = 30),16 in which there is a
clinical imperative for ophthalmic surveillance; and NSD1
(Sotos syndrome; n = 20),17 in which the highest proportion
of DDD probands (65%) had medical interventions after a
diagnosis. Using HPO terms and quantitative phenotypes
grouped by age and system, we created a quasi-natural
history for the conditions and overlaid information about
when and how often particular interventions occurred
(Figure 4).

For ANKRD11, the phenotype heatmap (Figure 4A) dem-
onstrates a multisystem disorder with variable expression.
Short stature and neurodevelopmental features are strongly
consistent throughout the age range, but there is an age-
dependent emergence to other features, such as dental and
audiologic phenotypes. The spread of other phenotypes is
consistent with the body of literature already available in KBG
syndrome but demonstrates a highly visual quasi-natural his-
tory, useful for both parents and clinicians alike when deter-
mining management plans at a point in time. Interventions in
ANKRD11 patients demonstrated large-scale variability across
the group, which is likely associated with the timing of the
emergence of published clinical recommendations.18 In
contrast, the heatmap for CTNNB1 (Figure 4B) illustrates a
more tightly defined range of phenotypic features, demon-
strating a severe early onset neurodevelopmental disorder with
postnatal onset microcephaly. Interestingly, we did not observe
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a consistent pattern of ophthalmology referrals among these
patients, despite a 40% risk of retinal detachment requiring
regular eye surveillance to prevent total blindness.19 This
observation is potentially due to variability in data collection
for onward referral and the severity of the phenotype pre-
cluding referral but suggests an opportunity to alert clinicians
to the need for ophthalmology referral in these patients. By
comparison, the well-documented recommendations for base-
line investigations and referrals were evident in our data for in
NSD1 (Figure 4C), as was the established evolution of the
phenotype with age.20 Interestingly, although patterns of
phenotype progression are apparent with increasing age, all 3
conditions show a degree of variable expressivity, with only a
few phenotypes universally present. Clinical interventions
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across all 3 conditions appear to be somewhat sporadic and
only partially reflect the temporal development of phenotypes,
suggesting that systematic improvements could be made to
referral practices to ensure equity of access to the most
appropriate care.
Benefits of support groups

Finally, we found that 880 (20.8%) of diagnosed DDD fam-
ilies were involved in patient support groups. In addition to
umbrella patient organizations supporting families with genetic
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conditions and pre-existing condition-specific organizations,
numerous new condition-specific patient support groups were
created as a direct result of disease-gene discovery in the DDD
study. These groups range from small parent-led social media
(eg, Facebook) groups, that bring patients and families together
to share experiences, to the development of registered charities
and foundations. We also note that, over the course of the
study, DDD clinical collaborators have contributed to author-
ing >40 single-gene patient information leaflets in collabora-
tion with Unique (https://rarechromo.org/disorder-guides/).
Discussion

We have retrospectively recorded and analyzed outcomes after
a genetic diagnosis in 4237 families in the DDD study. We
have shown that around a quarter of individuals affected by a
severe DD received a change in medical management after
their genetic diagnosis, primarily through a range of referrals to
nongenetics specialties for additional testing and surveillance.
The clinical impact of a precise molecular diagnosis on the
management pathway for an individual patient thus enables a
precision medicine approach and the provision of appropriate
care, sometimes preventing particular phenotypes from devel-
oping. The likely increased demand for specialist assessments
following a genetic diagnosis also needs to be costed and
provided. Additionally, at least three-quarters of families were
given condition-specific information, which supports under-
standing and family adaption to a genetic diagnosis. Very few
adverse outcomes were reported, suggesting that the anxiety
and other mental health implications associated with receiving
genetic results from a large genomics research study delivered
via an expert clinical service were generally low.

We have also presented a novel approach to displaying a
quasi-natural history of specific genetic conditions, using data
frommultiple affected probands of different ages. The richness of
phenotype data in KBG syndrome in particular shows the vari-
able expressivity of this highly penetrant condition andhighlights
when and how likely particular phenotypes are to manifest.
However, the link between the emergence of clinical phenotypes
and the necessary clinical interventions is weak and may vary
bothwithin a condition and between services. Thismay be due to
the necessary inclusion of data from multiple different in-
dividuals, often with different causal variants (albeit within the
same gene and with the same predicted effect); therefore, the
differences may not wholly reflect phenotypic progression.
Nonetheless, we hope that these representations of phenotypes
and intervention data with age will provide better prognostic in-
formation to clinicians and patients and catalyze the development
of consensus management guidelines. In addition, the growing
size and number of disorder-specific family support groups
should be recognized and welcomed by both the clinical and
patient communities and may provide a mechanism by which
referral and clinical management practices could be compared
and optimized. Support groups play a vital role in the provisionof
information and act as a forum for patients and families to share
experiences and seek advice from people in a similar situation.21

Parents and carers of children with DD are at risk of social
isolation and emotional distress, which can be exacerbated when
the condition is rare.22,23 Many participants of support groups
report positive outcomes, such as reduced isolation and anxiety,
improvements in coping skills and increased self-esteem and
empowerment.24 Internet-based support groups also mean that
geographical location is no barrier to accessing support and
making connections with others.25 Ultimately, bringing together
patients, clinicians and researchers with a common focus on a
specific condition can stimulate research, enabling codevelop-
ment of research questions and providing a vehicle for both
recruitment and dissemination of findings.

This large-scale nation-wide studywasmadepossible through
an extensive network of regional clinical collaborators across the
National Health Service in the United Kingdom and the Health
Service Execuive in Ireland. However, there are significant
challenges to gathering comparable data on thousands of families
under the care of hundreds of clinicians spread across 24 different
sites. Because of the large size and geographical spread of the
study, we did not attempt to gather information directly from
parents or probands relating to social, educational, or other
nonclinical outcomes, although there is little doubt that receiving
a formal diagnosis canbeof immense value to families. Provision
of social,financial, andeducational support shouldbebasedonan
individual’s need, but families often report that a diagnostic label
can be extremely helpful when advocating for their child’s
needs.1,26,27 Within each clinic, individual data collectors were
limited to information available in their local genetics notes, in
which the level of detail routinely recorded can vary sub-
stantially—exacerbated by the move from paper toward elec-
tronic health records—hampering our ability to comparefindings
between services. Moreover, the size and expertise of data
collection teams varied across the sites, potentially resulting in
different ways of reporting similar outcomes. There may also be
differences between clinicians and regions in referral practices
(eg, refer versus test onsite), as well as the timing and purpose of
testing (diagnostic versus screening, etc).

We were also limited by the retrospective collection of out-
comes data, recorded at a single point in time but relating to di-
agnoses returned over the course of a 7-year period. This
approach cannot account for the development of clinical guide-
lines and dissemination of best practice over time. This issue is
exemplified by KBG syndrome, for which clinical management
recommendations were published in 2016, after mostANKRD11
diagnoseswere returned inDDD.18Similarly,wewere limitedby
the collection of phenotypes at recruitment, which does not take
account of phenotypic progression. It was not always possible to
determine whether a particular clinical action resulted directly
fromthegeneticdiagnosisor fromtheappearanceof aphenotype.
Our results are skewed both by the high proportion of diagnostic
de novo variants and the relatively advanced age of parents at the
point of receiving a diagnosis, which may have reduced the
appropriateness of reproductive counseling and limited parental
opportunity for further testing. Finally, evenwithin our large data
set, because of the rareness of individual conditions (with >800

https://rarechromo.org/disorder-guides/
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different rare diseases diagnosed to date within this cohort), there
were relatively small numbers of probands with the same con-
ditions, which reduced our ability to create accurate quasi-natural
histories across different age groups. Ideally, longitudinal
phenotype collection on individuals would enable true natural
histories to be collected and compared, and the aggregation of
data on larger numbers of patients through databases such as
DECIPHERwill enable these data to be systematically analyzed
and widely shared.

In conclusion, we have demonstrated that it is both
possible and useful to collect outcomes data from clinical
genetics services on the impact of receiving a genetic
diagnosis. Making an accurate genetic diagnosis is often
crucial for directing clinical management of affected in-
dividuals and providing advice regarding risks to other
family members, including reproductive advice. Although
molecularly targeted treatments for monogenic DDs are still
limited, more will no doubt become available as new tech-
nologies develop. Our findings highlight the importance of
onward referral to ensure the best care for patients and
families affected by rare diseases and also underscore the
value of developing best practice guidelines to ensure equity
of access to appropriate clinical interventions.
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