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Abstract
Background: Resources within the Undiagnosed Diseases Network (UDN), such as 
genome sequencing (GS) and model organisms aid in diagnosis and identification of 
new disease genes, but are currently difficult to access by clinical providers. While 
these resources do contribute to diagnoses in many cases, they are not always neces-
sary to reach diagnostic resolution. The UDN experience has been that participants 
can also receive diagnoses through the thoughtful and customized application of ap-
proaches and resources that are readily available in clinical settings.
Methods: The UDN Genetic Counseling and Testing Working Group collected case 
vignettes that illustrated how clinically available methods resulted in diagnoses. The 
case vignettes were classified into three themes; phenotypic considerations, selection 
of genetic testing, and evaluating exome/GS variants and data.
Results: We present 12 participants that illustrate how clinical practices such as 
phenotype-driven genomic investigations, consideration of variable expressivity, se-
lecting the relevant tissue of interest for testing, utilizing updated testing platforms, 
and recognition of alternate transcript nomenclature resulted in diagnoses.
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1 |  INTRODUCTION

The Undiagnosed Diseases Network (UDN) is a collabo-
rative nationwide research study, funded by the National 
Institutes of Health Common Fund, tasked to solve the 
most challenging medical mysteries using team science and 
innovative approaches, including adopting advanced tech-
nologies (Gahl, Wise, & Ashley,  2015). Since 2015, the 
UDN has evaluated over 1,300 participants resulting in di-
agnoses for over 380 (~28% network-wide diagnostic rate). 
Since more than 70% of rare diseases are thought to have a 
genetic basis (Nguengang Wakap et al., 2019), genomic se-
quencing is often an essential part of the UDN evaluation. 
Currently, more participants in the UDN receive genome 
sequencing (GS) than exome sequencing (ES), since many 
UDN participants (>70%, V.S., unpublished data) now 
enter the study with prior, non-diagnostic ES. Few stud-
ies have systematically compared the diagnostic yield of 
GS and ES in the same patient population, but from avail-
able data it appears that GS has an approximate 9 to 16% 
improved diagnostic yield over ES (Alfares et  al.,  2018; 
Shashi et al., 2019). There have been calls to consider ES/
GS as first-tier tests in individuals with presumed genetic 
diseases (Bick, Jones, Taylor, Taft, & Belmont,  2019; 
Scocchia et al., 2019; Srivastava et al., 2019); however, ES/
GS is not always necessary or sufficient to reach a diagno-
sis. Careful consideration of the phenotype in combination 
with utilization of appropriate first-tier and targeted testing 
may reveal a diagnosis without necessitating ES/GS (Pena 
et al., 2018).

We present 12 participant examples that illustrate how the 
thoughtful use of readily available clinical methods and tools 
can result in diagnosis. All of these participants had prior 
non-diagnostic evaluations by specialists locally, including a 
geneticist in all but three cases. While 7/12 participants re-
ceived a diagnosis through ES/GS, GS was not necessary for 
any and ES was only necessary for 2/12; relevant targeted 
testing would have sufficed for 10/12. The lessons learned 
from these individuals are directly relevant to clinical prac-
tice as all of these participants could have been diagnosed 
utilizing clinically available methods.

2 |  METHODS

2.1 | Ethical compliance

Informed consent had been obtained from each UDN par-
ticipant or participant's parent/legal guardian to participate 
in the NIH-UDN protocol (15-HG-0130). Individual 10 pro-
vided consent to participate in an ES research study at Duke 
(Pro00032301).

2.2 | Participant selection

The UDN Genetic Counseling and Testing Working Group 
submitted case vignettes that illustrated how clinically avail-
able methods resulted in diagnoses. Vignettes for 16 partici-
pants were submitted for consideration and reviewed by HC 
and VS. Some participants illustrated the same clinical les-
son; therefore, 11 participants from five UDN clinical sites 
(Duke, Baylor, Vanderbilt, UCLA and NIH) were included. 
Individual 10 was included to highlight a clinically impor-
tant lesson that was not illustrated by any of the UDN par-
ticipants. The case vignettes were classified into three themes 
following the logic of the lessons illustrated by each—pheno-
typic considerations, selection of genetic testing, and evalu-
ating ES/GS variants and data (Table 1). Some participants 
demonstrated lessons that could fall under more than one 
theme, and in those instances, we selected the theme that best 
aligned. Utilizing the UDN diagnosis coding tool, each diag-
nosis was classified as either certain or highly likely (Splinter 
et al., 2018).

3 |  RESULTS

3.1 | Phenotypic considerations

3.1.1 | Participant 1

A 6-year-old female was evaluated due to severe global de-
velopmental delays, failure to thrive, feeding difficulties, 

Conclusion: These examples demonstrate that when a diagnosis is elusive, an itera-
tive patient-specific approach utilizing assessment options available to clinical pro-
viders may solve a portion of cases. However, this does require increased provider 
time commitment, a particular challenge in the current practice of genomics.

K E Y W O R D S

exome sequencing, genome sequencing, phenotyping, targeted genetic testing, variant 
interpretation
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hypotonia and refractory generalized epilepsy, all occurring 
in the first two years of life. At one year of age, she devel-
oped stereotypical movements of bringing her hands to her 
mouth and lost the ability to grasp toys and food with her 
hands. The head circumference and brain MRIs were normal. 
Pre-UDN genetic testing was negative (Table 1).

In the UDN, the participant's head circumference was at 
the 63rd percentile. Features suggestive of Rett syndrome 
were noted, including breathing disturbances; bruxism; small, 
cold feet and diminished response to pain, in addition to the 
previously recognized hypotonia, hand stereotypies and his-
tory of regression. Criteria for atypical Rett syndrome were 
fulfilled and MECP2 (MIM# 300005) gene sequencing re-
vealed a known heterozygous pathogenic variant (c.316C>T, 
p.R106W), which accounts for ~4% of pathogenic variants in 
MECP2 (Neul et al., 2010; Webb & Latif, 2001). The mother 
was negative for the variant and while the father was not 
available, it was presumed that the variant was de novo. On 
review of the participant's medical records, the local health 
care team had considered Rett syndrome, but testing had not 
been pursued, since she did not have microcephaly and there 
was no period of normal neurodevelopment. Careful consid-
eration of the phenotypic spectrum seen in Rett syndrome 
led to MECP2 sequencing and a certain diagnosis of atypical 
Rett syndrome (MIM# 312750).

Lesson learned
When generating differential diagnoses, consider the pheno-
typic spectrum of a disorder due to variable expressivity.

3.1.2 | Participant 2

A 3-year-old female was evaluated due to being small for 
gestational age, severe global developmental delays, failure 
to thrive, dysmorphic features, hypo- and hyperpigmented 
skin lesions in a segmental pattern on the bilateral lower ex-
tremities and hypotonia. Pre-UDN genetic testing on blood 
was nondiagnostic (Table 1).

On UDN evaluation, height and weight were well below 
the 1st percentile (−8.06 and −7.9 SD, respectively) and head 
circumference was at the 4th percentile. Skin biopsies of the 
hypo- and hyperpigmented lesions were obtained and the 
derived fibroblasts were sent for chromosome analysis. This 
resulted in a certain diagnosis of diploid/triploid mosaicism 
(mixoploidy), with a karyotype of 69,XXX[7]/46,XX[13]. 
The participant's severe growth failure, skin lesions, and se-
vere developmental delays were highly consistent with mo-
saic triploidy of maternal origin (Carson et  al.,  2018). The 
referring geneticist had considered this diagnosis, but did not 
proceed with the skin biopsy, as repeat ES of DNA from fi-
broblasts was denied by insurance.

Lesson learned
When somatic mosaicism is suspected, consider starting with 
first-tier genetic testing on skin or other affected tissue.

3.1.3 | Participant 3

A 20-year-old female presented with a 4-year history of grad-
ual cognitive decline (IQ decreased from 101 to 77) and status 
epilepticus at age 19. Pre-UDN testing included a brain MRI 
1-month after the status epilepticus, demonstrating extensive 
cerebral atrophy with small infarcts in the temporal and fron-
tal lobes, and MRS, which showed a small lactate peak in the 
left basal ganglia. She underwent a brain biopsy, which showed 
microglial activation, reactive gliosis, and focal loss of myelin 
in the white matter. A muscle biopsy was obtained from the 
temporal muscle, which showed increased and abnormally 
shaped mitochondria. Genetic testing including mitochondrial 
(mtDNA) GS on blood was nondiagnostic (Table 1).

In the UDN, an ERG showed profound damage to both 
the photoreceptor and the inner retinal layers, consistent 
with a retinal dystrophy. Since the aggregate phenotype was 
highly suggestive of mitochondrial disease, mtDNA GS was 
performed on the pre-UDN muscle biopsy sample, and a 
pathogenic variant was reported in MT-TT (m.15923A>G) 
at 21.6% heteroplasmy, consistent with a certain diagnosis 
of MT-TT (MIM# 590090) related mitochondrial disease. 
This variant had been reported in other affected individu-
als and was mostly undetectable in blood samples (Karppa, 
Kytovuori, Saari, & Majamaa,  2018). Repeat mtDNA GS 
with a new blood sample found the variant at 3.4% hetero-
plasmy. The participant's unaffected mother was not tested.

Lesson learned
If the phenotype is consistent with a mitochondrial disorder, 
consider genetic testing on muscle, other affected tissue or 
tissue with high mitochondria content, especially if testing on 
blood is nondiagnostic.

3.2 | Selection of Genetic Testing

3.2.1 | Participant 4

A 53-year-old female was evaluated due to eight  years of 
progressive spasticity and gait disturbance. Her mother and 
two brothers had onset of these symptoms in their 20s-30s, 
and her sister was more mildly affected. Hereditary spastic 
paraplegia (HSP), likely autosomal dominant (AD), had been 
considered. A brain MRI and electromyogram/nerve conduc-
tion studies were normal. Pre-UDN genetic testing consisting 
of two AD HSP panels was negative (Table 1).
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The clinical evaluation through the UDN noted impaired 
vibration and pain sensation, hyperreflexia, and spasticity in 
the lower limbs, consistent with HSP. ES on the proband and 
all four affected family members found a shared likely patho-
genic missense variant in ABCD1 (MIM# 300371; c.2035T>A, 
p.W679R), resulting in a certain diagnosis of X-linked adre-
nomyeloneuropathy (MIM#300100) (Korenke et  al.,  1998). 
Subsequent very long chain fatty acid testing was consistent 
with this diagnosis. Since spastic paraplegia can be a manifesta-
tion of this disorder, ABCD1 is included in HSP panel tests, but 
only in those that include X-linked HSP genes. The diagnosis 
had been missed because the participant's prior genetic testing 
only included AD HSP gene panels.

Lesson learned
All inheritance patterns that are relevant to the individual 
should be considered when selecting genetic tests.

3.2.2 | Participant 5

A 17-year-old male had skeletal features suggestive of a con-
nective tissue disorder and chronic kidney disease (CKD). At 
age 19 months he had been evaluated for Marfan syndrome 
with bilateral inguinal hernias and mild aortic root dilatation. 
Genetic testing including FBN1 (MIM# 134797) sequencing 
was negative (Table 1).

At the time of his UDN evaluation, his height was at the 10-
25th percentile, pectus excavatum was noted, ophthalmology 
exam was normal, aortic root size was at the upper limits of nor-
mal and he had developed nephrocalcinosis and CKD stage 3. 
Trio ES through the UDN found a pathogenic, de novo, hetero-
zygous nonsense variant in FBN1 (c.871G>T, p.E219X) result-
ing in a certain diagnosis of Marfan syndrome (MIM# 154700). 
The prior testing in 1999 consisted of FBN1 mRNA sequenc-
ing from cultured fibroblasts, standard practice at the time. The 
truncated mRNA transcript due to the nonsense variant was 
likely destroyed by nonsense-mediated decay, preventing RT-
PCR capture for sequencing, resulting in sequencing of only 
the normal allele. The performing laboratory had noted on the 
report that the participant was homozygous for all known poly-
morphic SNPs in the cDNA, which could have indicated that 
only one allele had been sequenced. Single gene sequencing 
of FBN1 utilizing DNA would have detected the variant; how-
ever, this was not pursued by the UDN because of the CKD, for 
which ES was a better option. The participant's history of CKD 
was not explained by the Marfan syndrome diagnosis but could 
perhaps account for his atypical short stature.

Lessons learned
Consider the methods and limitations of prior genetic testing, 
especially tests done several years ago, as they may need to 
be repeated with updated methods.

3.2.3 | Participant 6

A 27-year-old female was evaluated due to a large ventricular 
septal defect, scoliosis, learning disabilities, attention deficit 
disorder, chronic fatigue syndrome and demyelination on brain 
MRI. In 2007, at age 17, she was evaluated by a geneticist and 
genetic testing was normal (Table 1). She was not evaluated 
by genetics again. At age 21 years, her local neurologists con-
sidered a diagnosis of multiple sclerosis due to fatigue and the 
demyelination. She also had developed anxiety and depression.

In the UDN, she was determined to have autism spectrum 
disorder. Repeat brain MRI showed a new non-enhancing 
FLAIR hyperintense lesion within the periventricular white 
matter adjacent to the right occipital horn. Genetic testing in-
cluded a CMA (not available in 2007), and trio ES. A 1.7 Mb 
interstitial duplication at 1q21.1-1q21.2 was identified on the 
CMA, consistent with a certain diagnosis of 1q21.1 duplica-
tion syndrome (MIM# 612475). This diagnosis was thought 
to explain the participant's congenital heart disease, learning 
disabilities and perhaps the neuropsychiatric diagnoses. ES 
was nondiagnostic and failed to detect the 1q21.1 duplica-
tion. The history and brain MRI findings were determined 
to be consistent with a clinical diagnosis of multiple scle-
rosis by the UDN neurologist, and the mild disease course 
was attributed to medications. Multiple sclerosis is not cur-
rently known to be part of the 1q21.1 duplication syndrome 
phenotype.

Lessons learned
(a) Periodic reevaluation of individuals is important to con-
sider newly available genetic tests. (b) CMA can detect large 
copy number variants (CNVs) that can be missed by ES. (c) 
A patient may have more than one diagnosis leading to a 
blended and complex phenotype.

3.2.4 | Participant 7

A 9-year-old female was evaluated with severe global de-
velopmental delays, seizures, hypotonia, and hip dysplasia. 
Pre-UDN genetic testing including a SNP microarray in 2016 
was nondiagnostic (Table 1).

Clinical evaluation in the UDN demonstrated upslanted 
palpebral fissures, low set ears, micrognathia, generalized 
hypotonia, profound lower limb muscle weakness, and intel-
lectual disability. GS and a high-density CMA with 2 mil-
lion more probes than the prior CMA [oligonucleotide and 
SNP probes (CN+SNP array)], were performed (Hensel 
et al., 2017). The CN+SNP array revealed a 95 kb deletion at 
Xq11.2 spanning exon 1 of the ZC4H2 gene (MIM# 300897), 
resulting in a certain diagnosis of X-linked Wieacker-Wolff 
syndrome (MIM# 314580). Parental testing indicated that 
it was de novo in the participant. “Carrier” females, while 
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typically mildly affected, can have severe phenotypic fea-
tures of Wieacker-Wolff, including skeletal abnormalities 
such as hip dislocation and intellectual disability (Zanzottera 
et al., 2017).

Genome sequencing utilizing Manta for CNV calling was 
non-diagnostic and did not detect the 95  kb deletion, and 
communication with the UDN core laboratory did not clar-
ify why the CNV was not detected (Chen et al., 2016). We 
were also unable to obtain clarity from the commercial lab 
that performed the 2016 SNP microarray as to why the 95 kb 
deletion had not been reported. We surmise that the deletion 
would have been detectable, but may not have met the labora-
tory's reporting criteria due to its size and because it was not 
a well-known microdeletion.

Lesson learned
(a) The sensitivity of CMAs in detecting CNVs can vary sig-
nificantly between laboratories, due to the platform utilized 
and laboratory thresholds for reporting variants. (b) ES, and 
to a lesser extent GS, may miss large CNVs and thus per-
forming a CMA to detect these is important.

3.2.5 | Participant 8

A 60-year-old female was evaluated due to multiple benign 
neck paragangliomas. Several extended family members 
were similarly affected, including two sisters, her father, and 
paternal aunts, uncles, and cousins. Pre-UDN genetic testing 
consisted of a normal hereditary pheochromocytoma and par-
aganglioma (HPP) next generation sequencing (NGS) panel 
(Table 1).

Clinical evaluation of the proband in the UDN noted ca-
rotid and vagal paragangliomas, episodic hypertension with 
tachycardia and vocal cord paralysis. UDN GS on the pro-
band and two of her affected family members detected a het-
erozygous 2.17 kb deletion within the SDHD gene (MIM# 
602690). Subsequent arrayCGH of SDHD was pursued and 
confirmed a deleterious ~2.13  kb deletion encompassing 
exon 4 of SDHD, resulting in a certain diagnosis of paragan-
gliomas 1 (MIM# 168000). While SDHD was included in the 
prior HPP NGS panel, the panel did not include deletion/du-
plication testing. Deletions in SDHD are a known cause of 
HPP, accounting for as much as 10% of pathogenic variants 
(Hoekstra et al., 2017).

Lessoned learned
Sequencing panels alone cannot reliably detect CNVs, espe-
cially if they are NGS-based. If panel sequencing is negative, 
subsequent deletion/duplication testing, such as MLPA/exon 
array should be considered.

3.3 | Evaluating ES/GS Variants and Data

3.3.1 | Participant 9

A 15-year-old female was evaluated due to mild motor de-
lays, progressive muscle weakness and seizures. Pre-UDN 
genetic testing included nondiagnostic trio ES in 2016, with 
a variant of uncertain significance (VUS) in a candidate gene 
QRICH1 (MIM# 617387; Table 1).

At the time of her UDN evaluation, she was in the 9th grade, 
performing at a 4th-6th grade level. The physical exam was 
significant for ptosis, mild myopathic facies, and decreased 
muscle mass, strength and reflexes in the lower extremities. 
Simultaneously, reanalysis of the trio ES data in a parallel 
study detected a novel de novo nonsense variant in QRICH1 
(c.1378C>T, p.Q460X). By this time, truncating variants in 
QRICH1 had been published in AD Ververi-Brady syndrome 
(Ververi, Splitt, Dean, Study, & Brady, 2018). The reported 
individuals had cognitive impairments, and one had muscle 
fatigue and weakness. This publication was shared with the 
commercial laboratory that had performed the pre-UDN ES, 
resulting in reclassification of this novel variant in QRICH1 
as pathogenic and a certain diagnosis of Ververi-Brady syn-
drome (MIM# 617982). Reinterpretation of the VUS by the 
local clinical team in light of the publication would have 
solved the case. However, time-constrained clinicians would 
have difficulty in identifying interim new publications when 
undiagnosed patients may be seen only every few years.

Lessons learned
ES reanalysis can result in diagnosis, however, in some cases 
reinterpretation of a VUS by the clinical team that incorpo-
rates review of the interim literature can achieve diagnosis 
without requiring reanalysis.

3.3.2 | Participant 10

An 11-year-old female was evaluated by a Duke genomic 
sequencing study due to congenital microcephaly, vertical 
nystagmus, and profound intellectual disability. Prior genetic 
testing was normal (Table 1).

Trio ES detected compound heterozygous, likely patho-
genic variants in KARS1 (MIM# 601421). KARS1 had 
recently been associated with neurological features that 
overlap our participant's (McMillan et al., 2015). The vari-
ants were Sanger confirmed in a CLIA-certified laboratory 
and reported as c.169G>C, p.Ala57Pro and c.1598C>G, 
p.Pro533Arg (NM_001130089.1). The c.169G>C variant 
had been previously reported in the literature as c.85G>C, 
p.Ala29Pro using a different transcript (NM_005548.2) 
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(Joshi et al., 2016). Applying this NM_005548.2 transcript, 
the second variant in our participant, c.1598C>G, would be 
c.1514C>G, p.Pro505Arg. Since another variant impacting 
the same codon c.1513C>T, p.Pro505Ser was reported in the 
KARS1 literature, the evidence of pathogenicity of the variant 
in our participant was strengthened (Zhou et al., 2017). Thus, 
without careful attention to the variant annotation differ-
ences, the prior associations to the KARS1-related neurolog-
ical phenotypes may have been overlooked. The participant 
was given a likely diagnosis of KARS1-related disorder.

Lesson learned
Providers should be cognizant of differences in reference 
transcripts used for variant nomenclature when compar-
ing variants in the literature.

3.3.3 | Participant 11

A 32-year-old male was evaluated due to chronic bronchi-
ectasis, progressive emphysema, abnormal salivary gland 
morphology, xerostomia, and carious teeth. His 3-year-old 
daughter was similarly affected, and his sister had died 
from childhood respiratory failure. Pre-UDN genetic test-
ing through a rare lung disease research program included 
research trio ES, which was nondiagnostic (Table 1).

UDN GS was performed prior to his clinical evaluation on 
the proband, his parents and his daughter. Results were non-
diagnostic. During the UDN evaluation it was noted that the 
proband was tall, with arachnodactyly, inguinal hernia and 
aortic root aneurysm. His father had bilateral ectopia lentis 
and tall stature. The paternal grandmother and her brother 
also had bilateral ectopia lentis. Thus, Marfan syndrome was 
considered, and a UDN bioinformatician manually inspected 
the FBN1 gene in the GS data. A known pathogenic variant 
in FBN1 (c.3712G>A, p.Asp1238Asn) was detected and a 
certain diagnosis of Marfan syndrome (MIM# 154700) was 
given. The proband's father was positive for this variant and 
his daughter was negative. In discussions with the UDN core 
laboratory that performed the GS, this variant had been fil-
tered out due to phenotypic mismatch. While the proband's 

symptoms that prompted referral remained undiagnosed, 
the diagnosis of Marfan syndrome was enabled by pheno-
type-driven re-examination of the GS data.

Lessons learned
(a) For optimal variant filtering, it is important to provide 
accurate and detailed phenotypic information to testing 
laboratories, including medical manifestations that may be 
unrelated to the reason for testing. (b) If a particular diag-
nosis is suspected, but ES/GS is negative, clinicians should 
discuss the phenotype with the testing laboratory and ask 
the lab to manually inspect the raw data for specific genes 
of interest.

3.3.4 | Participant 12

A 9-year-old male was evaluated due to refractory, early-
onset absence epilepsy, developmental delay, and autistic 
features. Pre-UDN workup including trio ES in 2016 was 
non-diagnostic (Table 1).

In the UDN, EEG demonstrated interictal generalized 
and localized epileptiform discharges, including absences. 
Quad GS with an unaffected sibling revealed a de novo, ex-
onic, pathogenic variant (c.3415insA, p.T1140DfsX13) in 
SYNGAP1 (MIM# 603384), resulting in a certain diagnosis 
of Intellectual disability, AD 5 (MIM# 612621), which also 
includes epilepsy. Upon inquiry, the commercial laboratory 
that had performed the trio ES reported that the exome cap-
ture kit used by the laboratory in 2016 only covered 56% 
of SYNGAP1. GS, which provides more uniform coverage 
of coding regions, resulted in a certain diagnosis for the 
participant. In this instance, reanalysis of the pre-UDN ES 
data would not have solved this case, as the variant was not 
captured.

Lessons learned
(a) Pathogenic coding variants can be missed on ES due to 
exome capture limitations. (b) ES reanalysis is limited to 
variants captured and sequenced by the ES platform utilized 
at that time.

Participant CNV Detected by Not detected by

Participant 6 1.7 Mb duplication at 
1q21.1-q21.2

CN + SNP CMA ES

Participant 7 96 kb deletion at 
Xp11.2

CN + SNP CMA SNP CMA, ES, GS

Participant 8 2.13 kb deletion GS NGS panel

Abbreviations: CNV, copy number variant; ES, exome sequencing; GS, genome sequencing; NGS, next 
generation sequencing; UDN, Undiagnosed Diseases Network.

T A B L E  2  CNVs detected in three 
UDN participants that had been missed 
previously
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4 |  DISCUSSION

The UDN evaluates individuals with refractory complex med-
ical conditions, some of whom have been seeking answers 
for decades (Spillmann et  al.,  2017; Splinter et  al.,  2018). 
Participants, such as the ones described here, have received 
diagnoses through approaches that are tractable clinically, 
such as reconsidering the phenotype, selecting optimal tests 
and reanalyzing/reinterpreting ES/GS data. Indeed, we have 
reported that 22% of UDN diagnoses were made due to clini-
cal review and directed clinical testing (Splinter et al., 2018). 
Notably, 9/12 participants in this study had been evaluated 
by a genetics provider prior to participation. Each of the three 
broad thematic approaches that led to diagnoses would be 
tractable in clinical genetics practice. However, the current 
time constraints in clinical genetics practice pose a barrier to 
conducting the customized reiterative clinical and molecular 
reassessments that occurred in the 12 participants, especially 
since most of these activities would have to occur outside 
of the face-to-face reimbursable time (Attard, Carmany, & 
Trepanier, 2019; Fennell, Hunter, & Corboy, 2020; Maiese, 
Keehn, Lyon, Flannery, & Watson,  2019). We discuss the 
salient lessons within the three thematic approaches below.

4.1 | Phenotypic considerations

4.1.1 | Customized phenotyping

UDN participants undergo personalized and multidiscipli-
nary deep phenotyping during a multiday evaluation to aid in 
diagnosis (Ramoni et al., 2017). The UDN advantage of being 
able to coordinate all the evaluations in a short time span is 
difficult to achieve in clinical settings. In our cohort of 12 
participants, thoughtful phenotyping played a significant role 
in diagnosis for five. These diagnoses were achieved through 
phenotype-guided targeted testing utilizing relevant sample 
types (Participants 1, 2, 3), phenotype-driven re-examina-
tion of genomic data (Participant 11), and phenotype-driven 
clinical diagnosis (Participant 6). Reconsidering a patient's 
phenotype in the context of the extant literature is vital in rec-
ognizing variable expressivity and then selecting the optimal 
tests. However, the time required can be a significant limiting 
factor for providers in a clinical setting.

An individual's phenotype is not always due to a single eti-
ology, as evidenced by Participant 6 and the estimated 2%–7% 
of individuals undergoing ES who receive multiple genetic 
diagnoses (Posey et al., 2016; Smith et al., 2019). Individuals 
with multiple diagnoses have been found to have only slightly 
more organ systems affected (average of 4.3) than individu-
als with single diagnoses (average of 3.9). Furthermore, with 
dual diagnoses, half of the phenotypes are completely sepa-
rate, and about half are completely, or partially, overlapping 

(Smith et al., 2019). Thus, it can be difficult to discern if the 
phenotype is indicative of more than one diagnosis. In this 
study, Participants 5 and 11 likely also have two conditions, 
with the second still unresolved.

4.1.2 | Mosaicism and heteroplasmy

Many genetic conditions have been observed in a mosaic state 
and are hard to diagnose (Cao et al., 2019). However, there 
are certain phenotypic clues such as segmental overgrowth 
and characteristic cutaneous patterns or lesions that are highly 
suggestive of somatic mosaicism (Kinsler et al., 2020). In the 
case of Participant 2, skin lesions suggestive of mosaicism 
were present, yet pre-UDN testing was completed on DNA 
from blood instead of DNA from a biopsy of the affected 
tissue, which often has greater sensitivity for the detection of 
a mosaic variant (Mirzaa et al., 2016). Additionally, specific 
testing for mosaic conditions should be based on the differ-
ential diagnosis; reflexively ordering ES on skin fibroblasts 
because the patient was undiagnosed may have resulted in 
the triploidy remaining undetected since ES is not a reliable 
method to detect mosaic polyploidy (Posey, 2019). One prac-
tical limitation is that not all genetics clinics have access to 
laboratories that perform tissue culture.

Nearly all pathogenic variants in the mtDNA genome are 
heteroplasmic (Santibanez-Koref et  al.,  2019). NGS is the 
gold standard for mtDNA GS and allows detection of low-
level heteroplasmy. In Participant 3, mtDNA GS on muscle 
was necessary to identify the heteroplasmic variant that was 
missed in blood. Skeletal muscle or liver tissues are ideal for 
mtDNA GS given their high mtDNA content and if available 
should be utilized as the primary sample for testing or if ini-
tial testing on blood is negative (Parikh et al., 2015).

4.2 | Selection of genetic testing

4.2.1 | Evaluating prior testing

For undiagnosed individuals who underwent genetic testing 
many years previously, it is important to consider the limita-
tions of prior genetic testing. Illustrating this is Participant 5, 
who underwent testing when the large size of FBN1 (235 kb) 
precluded Sanger sequencing of genomic DNA and thus the 
more manageable 10  kb cDNA sequencing on fibroblasts 
was the standard (Collod-Beroud & Boileau, 2002), but did 
not detect the nonsense variant. It is inevitable that testing 
methodologies will improve over the course of a lengthy 
diagnostic odyssey. For example, CMA technology has 
improved from the original BAC arrays that had a resolu-
tion of approximately 1 Mb (Ballif et al., 2008), to current 
CN+SNP microarrays that can reliably detect CNVs>100 kb 
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(Mason-Suares et al., 2013). For Participant 6, CMA was not 
obtained in 2007, as it was not recommended as a first-tier 
genetic test until 2010 (Manning, Hudgins, Professional, & 
Guidelines, 2010; Miller et al., 2010). Repeat evaluation by 
genetics after 2010 would most likely have resulted in CMA 
testing and diagnosis.

Finally, Participant 4 reflects the need for consideration of 
modes of inheritance for the disease phenotype when select-
ing a gene panel. If X-linked disease had been suspected, due 
to two male siblings who were more severely affected, the 
diagnosis may have been made without ES. Furthermore, the 
case highlights the importance of retrospectively reviewing 
the genes included in a panel before determining that a group 
of disorders has been comprehensively tested for.

4.2.2 | CNV detection

CN+SNP microarrays can detect some smaller CNVs ~10 kb 
in size within clinically relevant regions of the genome 
(Mason-Suares et al., 2013). However, it is important to re-
member that detecting CNVs not only varies by CMA plat-
form (type and number of probes included) but that criteria 
for reporting variants differ between commercial laborato-
ries. Participant 7 illustrates both points (Table 2). While a 
CMA in 2016 was negative, in 2017, a CN+SNP array with 
more probes in a laboratory with a reporting threshold >50 kb 
detected the 96kb deletion (Hensel et  al.,  2017). However, 
some cytogenetics laboratories still do not routinely report 
deletions <300 kb (unless they are known microdeletions). 
Hence, it is important to consider laboratory thresholds as 
well as probe sensitivity for CMA selection.

Numerous algorithms for calling CNVs from ES/GS data 
have been developed, but validation is lacking, leading to im-
mense variability between laboratories (Tattini, D'Aurizio, & 
Magi, 2015). The short nature of reads (~150 bp) with cur-
rently used NGS methods, variable sequencing depths in ES 
and the large number of benign CNVs in GS data present 
challenges for the detection and annotation of these. The esti-
mated sensitivity for CNV detection utilizing ES-based CNV 
callers is ~76% in comparison to CMA (Krumm et al., 2012). 
In this study, ES was not able to detect the 1.7 Mb duplication 
in Participant 6, nor the 96 kb deletion in Participant 7, which 
were both detected by CMA (Table 2). There have been re-
cent calls for ES to replace CMA as the first genetic test in 
individuals with neurodevelopmental disorders (Srivastava 
et al., 2019); however, it is important to recognize the limita-
tions of ES in detecting CNVs, even if laboratories run a SNP 
array in conjunction with the ES and may be able to detect 
some CNVs.

GS has improved sensitivity over ES and CMA in detect-
ing smaller CNVs <50 kb (Gross et al., 2019). In Participant 
8, a 2.13  kb deletion in SDHD that would not have been 

detectable by CMA was detected by GS (Table 2). Yet there 
are still limitations to detecting CNV in GS data, as illus-
trated by the inability of GS to detect the 96 kb deletion in 
Participant 7. In summary, CNVs are a significant contribu-
tion to genetic disease (5%–35%) that remain a challenge to 
detect and characterize (Truty et  al.,  2019). While there is 
no one method that is 100% sensitive in detecting CNVs, a 
combination of approaches may result in increased diagnostic 
yield.

4.3 | Evaluating ES/GS variants and data

4.3.1 | Transcripts

Accurately and unambiguously describing a variant and its 
location is a critical part of genomic sequencing. Two fac-
tors that complicate this process are the presence of mul-
tiple human genome annotation databases (e.g. RefGene, 
Ensembl, UCSC Genome Browser) and the observation 
that most genes in the human genome have multiple iso-
forms (Pan, Shai, Lee, Frey, & Blencowe,  2008). The 
Human Genome Variation Society mandates that all vari-
ants can be described in relation to an accepted and clearly 
specified reference sequence and professional organiza-
tions’ guidelines recommend that alternate transcripts be 
considered in variant annotation (den Dunnen et al., 2016; 
Richards et al., 2015). However, at this time, commercial 
laboratories do not have standard guidelines for selecting 
a transcript for reporting, other than the longest or most 
clinically relevant transcript (Richards et al., 2015). In the 
case of Participant 10, the commercial laboratory reported 
the KARS1 variants utilizing a transcript that was different 
from the one used in the literature. If comparisons of the 
participant's variants to the literature had only been made at 
the cDNA or protein level, without attention to the alternate 
transcripts, the inference about pathogenicity may have 
been overlooked. Publically available, web-based and user-
friendly tools such as Ensembl Variant Effect Predictor and 
Mutalyzer allow users to generate corresponding variants 
in other transcripts (McLaren et al., 2010; Wildeman, van 
Ophuizen, den Dunnen, & Taschner, 2008), but the time 
and effort required may not be tractable in regular clinical 
settings.

4.3.2 | Phenotype-driven reexamination of 
genomic data

ES identifies as many as 84,000 SNVs per individual 
(Belkadi et al., 2015), prohibiting manual consideration of 
each variant. Laboratories utilize various quality and con-
trol data as well as phenotype to filter detected variants to 
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a short list for confirmation and reporting, and during this 
process may discard putative pathogenic variants (Eilbeck, 
Quinlan, & Yandell,  2017; Shamseldin et  al.,  2017). 
Illustrating this point is Participant 11, whose pathogenic 
FBN1 variant was filtered out by the commercial labora-
tory due to phenotype mismatch and only found on manual 
inspection. While clinicians typically do not have direct 
access to the NGS data, if a diagnosis is highly suspected 
based on phenotype, it is possible to communicate with the 
laboratory to ask about coverage and the presence of rare 
and putatively deleterious variants in specific genes of in-
terest. Thus, iterative interaction between the clinical and 
NGS analysis teams could enhance the probability of iden-
tifying the correct diagnosis.

4.3.3 | Exome reanalysis

Reanalyzing exome data can result in diagnosis due to in-
terim bioinformatics improvements and newly reported 
gene-disease associations, and is a practice supported by 
the ACMG (Deignan et  al.,  2019). Two large commer-
cial ES laboratories recently reported that ES reanalysis 
of large patient cohorts resulted in a diagnostic yield of 
10 to 23% (Guillen Sacoto et  al.,  2019, ASHG, abstract) 
(Liu et  al.,  2019). As part of a participant's UDN evalu-
ation, ES data may be obtained from commercial labora-
tories for research-based reanalysis, which at one clinical 
site resulted in diagnosis for 23% of participants with non-
diagnostic pre-UDN ES (Shashi et  al., 2019). In the case 
of Participant 9, ES reanalysis resulted in a diagnosis of 
Ververi-Brady syndrome due to recognition of the newly 
reported gene-disease association (Ververi et al., 2018). In 
fact, approximately 250 new gene-disease associations are 
curated by Online Mendelian Inheritance in Man (OMIM) 
each year (Wenger, Guturu, Bernstein, & Bejerano, 2017), 
which contribute to the majority of cases solved by rea-
nalysis in clinical practice (Guillen Sacoto et al., 2019).

4.3.4 | Exome capture

Exome capture kits have improved since their initial develop-
ment, allowing for better coverage (Shigemizu et al., 2015). 
One commercial ES laboratory estimates that the currently 
used capture kits interrogate roughly 3% more of the exome 
than the original version. This translates to approximately 
1% of exome “negative” individuals from the earliest version 
(Agilent SureSelect Human All Exon V4) getting a diagnosis 
on the most recent version (IDT xGen exome). For exam-
ple, if exome coverage was originally 95% and the diagnostic 
rate was 30%, then increasing coverage to 98% would in-
crease the positive rate on the same cohort from 30% to 31%  

(K. Retterer, personal communication). Participant 12 demon-
strates how limitations in exome capture can result in missed 
diagnosis, as the region of SYNGAP1 containing the variant 
was not captured by the platform utilized by the commer-
cial laboratory at that time. Notably, SYNGAP1 is included 
in many intellectual disability/autism/epilepsy gene panels, 
which would likely have detected this variant, as coverage 
of exonic regions tends to be more complete on gene panels 
than on ES (Consugar et al., 2015; Xue, Ankala, Wilcox, & 
Hegde, 2015); and thus a gene panel may be better when a 
specific group of disorders are suspected.

5 |  CONCLUSIONS

The 12 participants described here illustrate how careful uti-
lization of existing clinical resources with an individualized 
approach can provide answers for a subset of undiagnosed indi-
viduals. A thorough, personalized approach requires increased 
provider time commitment and sometimes additional financial 
resources, which can be challenging in clinical practice. A clear 
benefit of the UDN is the resources and dedicated time that 
are available for accepted participants that permit personalized 
and detailed attention to each case, resulting in highly likely or 
certain diagnoses for participants whose conditions had been 
refractory to prior diagnostic attempts.
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