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96% of the variants were found to be reported in public da-
tabases and have no evidence of pathogenicity. No variants 
were identified that would predict disease in the tested indi-
viduals, which is in accordance with their normal newborn 
screens. However, we identified 6 previously reported vari-
ants and 2 novel variants that, according to published litera-
ture, could result in affected offspring if the reproductive 
partner were also a mutation carrier; other specific molecu-
lar findings highlight additional means by which genomic 
testing could augment newborn screening.

  Copyright © 2012 S. Karger AG, Basel

  
  
  Due to the availability of new high-throughput se-

quencing techniques, large-scale genomic analysis is be-
coming increasingly prevalent, and many potential clin-
ical uses have been proposed. One such application is the 
extension or augmentation of newborn screening [Alex-
ander and van Dyck, 2006]. The goal of newborn screen-
ing is primarily to identify, in an efficient and cost-effec-
tive manner, diseases in which early treatment is nec - 
essary to improve outcome. Relying on the American 
College of Medical Genetics recommendations, most 
United States newborn screening programs perform as-
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  Abstract

  Large-scale genomic analysis such as whole-exome and 
whole-genome sequencing is becoming increasingly preva-
lent in the research arena. Clinically, many potential uses of 
this technology have been proposed. One such application 
is the extension or augmentation of newborn screening. In 
order to explore this application, we examined data from 3 
children with normal newborn screens who underwent 
whole-exome sequencing as part of research participation. 
We analyzed sequence information for 151 selected genes 
associated with conditions ascertained by newborn screen-
ing. We compared findings with publicly available databases 
and results from over 500 individuals who underwent whole-
exome sequencing at the same facility. Novel variants were 
confirmed through bidirectional dideoxynucleotide se-
quencing. High-density microarrays (Illumina Omni1-Quad) 
were also performed to detect potential copy number varia-
tions affecting these genes. We detected an average of 87 
genetic variants per individual. After excluding artifacts, 
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says for 29 core conditions as well as 25 secondary targets 
that are part of the differential diagnosis for these core 
conditions [American College of Medical Genetics’ 
Newborn Screening Expert Group, 2006; Burke et al., 
2011].

  In theory, gene-based screening has several advantag-
es, such as the ability to bypass the need for substrate ac-
cumulation in affected patients and the potential to cap-
ture affected individuals missed by current newborn 
screening techniques [Schimmenti et al., 2011]. Addition-
ally, genetic information could be used to complement 
the interpretation of currently available newborn screen-
ing results, potentially reducing the number of false-pos-
itive and non-clinically significant results generated. For 
example, certain genetic variants can lead to enzymatic 
differences that are ascertained by conventional newborn 
screening, falsely suggesting the presence of a disorder 
but not actually causing disease. Sequence-based infor-
mation could avoid misidentifying these individuals as 
having positive newborn screens, thus avoiding atten-
dant psychological stress, additional costs, and increased 
workload of those involved in newborn screening. Fur-
ther, sequence-based data could enable rapid movement 
through the current algorithms for follow-up of abnor-
mal results as many of these algorithms involve DNA-
based testing (see the American College of Medical Ge-
netics website for specific algorithms; www.acmg.net) 
[Tarini and Goldenberg, 2012].

  There are, however, numerous challenges to the use of 
genomic sequencing to augment newborn screening. Ma-
jor issues revolve around the difficulties inherent in in-
terpretation of variants, the need to perform testing ef-
ficiently, achieving acceptable sensitivity and specificity, 
and the reality that only small amounts of DNA are typi-
cally available [Tarini and Goldenberg, 2012].

  In order to begin to address such questions objectively, 
we analyzed data from 3 children with normal newborn 
screens who participated in a National Institutes of 
Health (NIH)/National Human Genome Research Insti-
tute (NHGRI) protocol on VACTERL association and 
who underwent whole-exome sequencing. Studies into 
the genetic causes of VACTERL association in these indi-
viduals are in progress; here, we analyze sequence data 
from genes known to be associated with conditions rou-
tinely ascertained by newborn screening in order to de-
scribe the types of findings that may arise when using 
high-throughput sequencing in conjunction with new-
born screening.

  Patients and Methods

  We performed high-density microarrays (Illumina Omni1-
Quad) and whole-exome sequencing for 3 children who partici-
pated in an established IRB-approved protocol on VACTERL as-
sociation, a rare congenital disorder involving a combination of 
congenital anomalies. VACTERL association is not thought to 
have a classic biochemical basis such as would be ascertained by 
newborn screening. Full consent was obtained for all participants, 
and all participants and their families were seen in person at the 
NIH Clinical Center.

  DNA Extraction
  Blood was obtained via a peripheral venous sample, and DNA 

was initially extracted using a QIAamp DNA Blood Maxi Kit 
(Qiagen, Germantown, Md., USA). Phenol:chloroform purifica-
tion was performed prior to whole-exome sequencing.

  Microarray Performance and Analysis
  Microarray analysis was performed using the Illumina Om-

ni1-Quad SNP array per the Illumina ‘infinium assay’ protocol 
(Illumina Inc., San Diego, Calif., USA) [Gunderson et al., 2005]. 
In brief, extracted DNA was whole-genome amplified, fragment-
ed, hybridized, fluorescently tagged, and scanned. The DNA sam-
ples were hybridized to the Illumina HumanOmni1-Quad Bead-
Chips which contain  1 1 million SNP loci. We collected data using 
a BeadArray scanner and visualized data with the GenomeStudio 
(v2009.2, www.Illumina.com) genotyping module. The call rates 
for all the DNA samples were  1 99%. We used human genome 
build 36.1 (NCBI36/hg18) for analysis. Copy number variations 
(CNVs) were detected using PennCNV software filtered to anno-
tate regions with at least 3 contiguous SNPs with the same imbal-
ance [Wang et al., 2007]. Genomic imbalances were compared 
with known CNVs through the Database of Genomic Variants 
[Zhang et al., 2006].

  Whole-Exome Sequencing
  We performed solution hybridization exome capture with the 

SureSelect Human All Exon 38Mb and 50Mb Systems (Agilent 
Technologies, Santa Clara, Calif., USA) using biotinylated RNA 
baits to hybridize to sequences that correspond to exons [Gnirke 
et al., 2009]. We used the manufacturer’s protocol version 1.0 
compatible with Illumina paired-end sequencing except that the 
DNA fragment size and quality was measured using a 2% agarose 
gel stained with Sybr Gold rather than an Agilent Bioanalyzer.  
Manufacturer’s specifications for the 38Mb kit state that the cap-
ture regions total approximately 38 Mb which accounts for 1.22% 
of the human genome, corresponding to the Consensus Con-
served Domain Sequences database (CCDS) and  1 1,000 non-cod-
ing RNAs. The 50Mb kit also includes exons defined by the
Gencode Project (http://www.sanger.ac.uk/resources/databases/
encode/). Targeted regions included the exons of 18,113 CCDS 
genes, with a total of 37,640,396 bases in the human genome (All 
Exon 38Mb). The All Exon 50Mb kit includes all the regions
in the All Exon 38Mb kit and adds exons of additional genes,
miRNAs, and non-coding RNA genes, totaling 30,241 genomic 
features within a total of 51,646,629 targeted bases. Flowcell prep-
aration and sequencing were carried out according to the protocol 
for the GAIIx sequencer (Illumina Inc.) [Bentley et al., 2008]. We 
used 76- or 101-bp paired-end lanes on a GAIIx flowcell in order 
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to generate sufficient reads to generate the aligned  sequence. We 
performed image analysis and base calling on all data lanes using 
Illumina Genome Analyzer Pipeline software (GAPipeline ver-
sions 1.4.0 or greater) with default parameters.

  Variant Analysis
  Variants were analyzed using VarSifter software (http://re-

search.nhgri.nih.gov/software/VarSifter/) [Teer et al., 2012]. In 
summary, we aligned reads to human genome build 36.1 
(NCBI36/hg18) for analysis using ‘efficient large-scale alignment 
of nucleotide databases’ (ELAND, Illumina). For variants de-
scribed here, although initial annotation was performed using 
NCBI36/hg18, variants are given here using NCBI37/hg19 coor-
dinates. We grouped reads that aligned uniquely into genomic 
sequence intervals of approximately 100 kb; non-aligning reads 
were binned with their paired-end mates. Reads in each bin were 
subjected to a Smith-Waterman-based local alignment algo-
rithm, cross_match, using the parameters –minscore 21 and –
masklevel 0 to their respective 100-kb genomic sequence (http://
www.phrap.org) [Smith and Waterman, 1981; Teer et al., 2012]. 
A total of 6 Gb of high-confidence mappable sequence data were 
generated in autosomal targeted regions per individual. Geno-
types were called at all positions with high-quality sequence bas-
es (Phred-like Q20 or greater) using a Bayesian algorithm (most 
probable genotype, MPG) [Teer et al., 2010, 2012]; goal read-
depth is an average of at least 85% in targeted regions. Genotypes 
with an MPG score  6 10 (score/coverage ratio  6 0.5, with a min-
imum of 10 reads) demonstrate  1 99.89% concordance with SNP 
Chip data. Targeted regions included the exons of 17,134 genes, 
with a total of 37,640,396 bases in the human genome (All Exon 
38Mb: individual 3) or the exons of 30,241 genes and total 
51,646,629 bases (All Exon 50Mb: individuals 1 and 2). The an-
notation of cSNVs (coding single nucleotide variants) was based 
on UCSC’s ‘known genes’ dataset. We classified SNVs and short 
deletion-insertion variants with a custom suite of annotation 
scripts (PIANNO) as those in intronic, UTR, or within coding 
regions. The software categorized variants as belonging to one of 
the following subsets: 3 � -UTR, 5 � -UTR, downstream variants, 
frameshift (deletion, insertion, or substitution), intergenic, in-
tronic, ncRNA (3 � -UTR, 5 � -UTR, exonic, intronic, or splicing), 
non-frameshift (deletion, insertion, or substitution), non-synon-
ymous SNV, splicing, stop-gain SNV, stop-loss SNV, synony-
mous SNV, or upstream.

  Analysis Related to Newborn Screening
  From the exome and array-based data, 151 genes were selected 

and analyzed. Mutations in these genes (though often only in the 
homozygous/compound heterozygous state) would be predicted 
to result in disease that would be ascertainable by newborn 
screening ( tables 1  and  2 ). For certain disorders, such as congeni-
tal deafness, every genetic disorder that could relate to detectable 
phenotypes would not be covered [Smith et al., 2012]. For our se-
lected variant triage procedure, variants were first analyzed in 
multiple categories (see above) based solely on variant type. Sec-
ond, for specific analysis related to newborn screening-associated 
genes, we focused on variants with the highest likelihood for a 
priori (i.e. not requiring in-depth functional analysis) pathoge-
nicity: variants located in coding regions (e.g. excluding variants 
in the 3 � - or 5 � -UTR or captured intronic regions) and which were 
either in-frame or frameshift insertion-deletions, non-synony-

mous, canonical splice-site, or other truncating variants (as an-
notated in  tables 1  and  2 ). Third, variants found in public data-
bases were included, and inclusion in these databases was not con-
sidered to be evidence of lack of pathogenicity, especially in 
recessive conditions; each such known variant was individually 
interrogated for possible reported health-related issues (accessed 
databases: dbSNP, build 131, Human Gene Mutation Database, 
last access December 2011) [Cooper et al., 1998; Smigielski et al., 
2000]. Variants with only weak association with disease, such as 
those found via genome wide association studies, were not con-
sidered. Fourth, variants meeting the above criteria and thus still 
considered to be potentially deleterious (all of which were mis-
sense variants) were analyzed according to possible pathogenicity 
based upon predicted protein changes, including residue conser-
vation, amino acid change type, and motif location [Teer et al., 
2012].

  Fifth, in order to detect likely artifacts, we performed further 
comparison of variants of interest versus results of whole-exome 
sequencing of 572 individuals (sequenced at the same facility as 
our patients) from the ClinSeq TM  cohort which ascertains patients 
with a phenotypic continuum from unaffected to those who have 
had myocardial infarctions [Biesecker et al., 2009]. Annotated 
variants were considered to be highly likely to be artifacts when 
they were not noted to be previously known polymorphisms (ap-
peared to be novel) and yet were seen in multiple comparison 
samples; as all variants thus determined to be artifacts involved 
repeat regions, this lent credence to the artifact assignment.   Fi-
nally, other (non-artifact) novel variants were confirmed via bidi-
rectional dideoxynucleotide sequencing ( fig. 1 ).

  Of note, it is clear that there are different potential approaches 
to the management of the specific findings generated through this 
study. For the IRB-approved algorithm under which this study 
was conducted, as the identified variants were found in the het-
erozygous (‘carrier’) state in rare recessive disease-associated 
genes in the studied individuals, they would not meet criteria for 
return of information [Solomon et al., 2012].

a

b

  Fig. 1.   a  Novel heterozygous variant in  OTOA  (MIM 607039): 
c.674T 1 C, p.Tyr232His (individual 2).  b  Novel heterozygous var -
 iant in  SLC26A5  (MIM 613865): c.1777G 1 T, p.Val561Phe (indi-
vidual 1). 
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  Table 1.   Summary of findings from analysis of 151 genes in which mutations (often in the homozygous or compound heterozygous 
state) could result in disorders potentially capturable by extended newborn screening

 Individual  1  2  3 

 Overall variant summary 
 total variants  108,003  102,166  63,298 
 non-synonymous SNV 10,693 10,533 8,473 
 INDEL (frameshift) 216 186 91 
 INDEL (in-frame) 132 139 91 
 stop-gain SNV 110 106 63 
 splicing 134 156 59 
 variants not in dbSNP (build 131) 40,226 36,675  20,147 

 Variants related to newborn screening-associated conditions 
 total number of variants  93 94 74 
 number of known variants identified 
  without reported evidence of pathogenicity 85 87 68 
 number of variants shown to be artifacts 4 4 4 
 variants (previously reported) with potential 
clinical relevancea 

  
    ACADS  (MIM 201470): 
rs1799958: c.625G>A, 
  p.Gly209Ser (possible asso-
ciation with SCAD) 

  
    ACADS  (MIM 201470): 
rs1799958: c.625G>A, 
  p.Gly209Ser (possible 
  association with SCAD) 

  CBS  (MIM 236200): 
rs5742905: c.833A>G, 
  p.Ile278Thr (homocystinuria) 

  DBT  (MIM 248600): 
rs12021720: c.1150A>G, 
p.Ser384Gly (MSUD) 

  GALT  (MIM 230400): 
rs2070074: c.940A>G, 
  p.Asn314Asp (Los Angeles/
D1 allele, as no promoter de-
letion present) 

  HPD  (MIM 140350; 
276710): rs1154510: 
c.97A>G, p.Thr33Ala 
(hawkinsinuria, allelic with 
tyrosinemia type III) 

  HPD  (MIM 140350; 
276710): rs1154510: 
c.97A>G, p.Thr33Ala 
(hawkinsinuria, allelic with 
tyrosinemia type III) 

 novel variants with potential clinical 
  relevanceb 

  SLC26A5  (MIM 613865): 
c.1777G>T, p.Val561Phe 
  (autosomal recessive deaf-
ness) (fig. 1b) 

  OTOA  (MIM 607039): 
c.674T>C, p.Tyr232His 
  (autosomal recessive deaf-
ness) (fig. 1a) 

 In the upper part of the table, an overall summary of variants 
is presented; the lower portion of the table focuses on variants in 
genes associated with newborn screening-ascertained conditions. 
Some differences in variant results can be attributed to different 
methods related to exome sequencing. 

  d bSNP = Database of single nucleotide polymorphisms; 
 INDEL = insertion/deletion variant; MSUD = maple syrup urine 
disease; SCAD = short chain acyl-CoA dehydrogenase deficiency; 
SNV = single nucleotide variant.

  RefSeq identifiers: ACADS: RefSeq NM_000017; CBS: RefSeq 
NM_000071; DBT: RefSeq NM_001918 GALT: RefSeq NM_

000155; HPD: RefSeq NM_002150; OTOA: RefSeq NM_144672; 
SLC26A5: RefSeq NM_198999.

  a The presence of these variants would not be associated with 
likely clinical relevance in these individuals, but offspring could 
be affected with disease if a reproductive partner were also a het-
erozygous mutation carrier.

  b These variants are not included in publicly available data-
bases and were not found in the 572 comparison samples. In each 
case, the presence of these variants was supported by their iden-
tification in other family members and was confirmed via bidi-
rectional dideoxynucleotide sequencing. 
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  Results

  All 3 children had normal newborn screening results 
and exhibited no evidence later for any disorders that are 
ascertained by current newborn screening. By microar-
ray analysis (Illumina Omni1-Quad), no patient had any 
CNVs affecting genes associated with disorders typically 
queried by current newborn screening (we did not use 
exome analysis to detect CNVs) [Sathirapongsasuti et al., 
2011]. 

  In summary, as presented in  tables 1  and  2 , we de-
tected a total of 261 variants related to newborn screen-
ing-associated genes for the 3 individuals, with an aver-
age of 87 variants per individual. Consistent with the 
normal results from standard newborn screening, no 
variants were identified that, in their specific allelic state, 
would predict disease in the tested individuals. However, 
each individual had multiple variants that could, accord-
ing to published literature and publicly available muta-
tion databases (dbSNP, HGMD), result in affected off-
spring if their reproductive partner were also a heterozy-
gous mutation carrier. All such variants were missense 
substitutions. Individual 1 had 3 such variants; 2 have 
been previously reported (in  ACADS , associated with 
short chain acyl-CoA dehydrogenase deficiency, MIM 
201470; and  CBS , associated with homocystinuria, MIM 
236200), while 1 (in  SLC26A5 , associated with autosomal 
recessive deafness, MIM 613865) was novel [Hu et al., 
1993; Corydon et al., 2001; Liu et al., 2003]. Additionally, 
individual 1 was found to have the Los Angeles/D 1  allele 
in  GALT . Homozygous/compound heterozygous muta-
tions in  GALT  are associated with galactosemia (MIM 
230400), but the identified  GALT  allele is not known to 
cause pathogenicity. This is a clinically important dis-
tinction, as the finding of this allele (as opposed to a 
more deleterious allele) by molecular testing directs clin-
ical decision-making in an infant with an abnormal con-
ventional newborn screen for galactosemia [Tedesco, 
1972; Langley et al., 1997; Elsas et al., 2001]. Individual 2 
had 3 potentially relevant variants, including 2 that have 
been previously reported (in  ACADS , associated with 
short chain acyl-CoA dehydrogenase deficiency, MIM 
201470; and  HPD , associated with hawkinsinuria, allelic 
with tyrosinemia type III, MIM 140350), and 1 novel 
variant (in  OTOA , associated with autosomal recessive 
deafness, MIM 607039) [Tomoeda et al., 2000; Corydon 
et al., 2001; Zwaenepoel et al., 2002]. Individual 3 had 
two such variants, neither of which were novel (in  DBT , 
associated with maple syrup urine disease, MIM 248600; 
and  HPD , associated with hawkinsinuria, allelic with ty-

rosinemia type III, MIM 140350) [Tsuruta et al., 1998; 
Tomoeda et al., 2000].

  On initial analysis, variants in 7 genes ( CPT1A  (MIM 
255120),  CYP21A2  (MIM 201910),  DUOX2  (MIM 607200), 
 ETFB  (MIM 231680),  OTOA  (MIM 607039),  TAT  (MIM 
276600), and  TRIOBP  (MIM 609823)) appeared to be 
novel according to publicly available databases, and these 
variants were not found in the 572 comparison individu-
als sequenced at the same facility. On reexamination of 
the same databases a short time later, these were found to 
be newly included in updated versions of the databases; 
none were reported as pathogenic or disease-associated.

  Using a database of 572 individuals sequenced at the 
same facility, we were able to detect that variants affecting 
5 genes ( CYP21A2  (MIM 201910),  GPSM2  (MIM 613557), 
 HADHB  (MIM 609015),  TMIE  (MIM 600971), and
 TRIOBP  (MIM 609823)) were sequencing artifacts ( ta-
ble 2 ). All of these variants involve repeat regions.

  Discussion

  Despite the small sample size, our findings highlight 
several important elements that should serve to inform 
and inspire further study. First, this analysis demon-
strates challenges related to the interpretation of variants 
of unknown significance. Some variants would clearly be 
deleterious in the homozygous/compound heterozygous 
state. Others are common variants with no evidence for 
direct involvement in Mendelian disorders such as many 
included in newborn screening. However, many variants 
fall into a ‘gray zone’, especially in polymorphic genes. 
Using publicly available (as well as private) databases can 
be helpful in terms of determining whether these variants 
have been identified previously, but the critical step in 
terms of determining pathogenicity remains daunting 
and fraught with potential error. This is especially true 
for certain variant types such as single amino acid substi-
tutions [Berg et al., 2011]. In fact, the frequency in our 
small cohort of some of these purportedly clinically-rel-
evant variants, in contrast to the overall prevalences of 
the associated recessive diseases, argues against their 
pathogenicity and points to the need for care when inter-
preting public databases as well as reported findings.

  In order to avoid problems regarding variants of un-
known significance, one possibility would be to use a cus-
tom-designed assay to test only for known deleterious 
mutations. This would also help address the problem as-
sociated with DNA quantity requirements (though it 
must be stated that technological improvements will like-
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ly help with the DNA quantity issue in the near future). 
However, this approach would also preclude the identifi-
cation of many mutations in genes in which there are a 
high proportion of family-specific novel variants. It will 
probably be far more expedient to ‘sort’ all variants infor-
matically and simply ignore (for now) those which cannot 
be clearly defined as deleterious. Such an informatics ap-
proach has the added important advantage of allowing 
reanalysis of genomic data as more variants (and relevant 
genes) are identified and will also allow research analysis 
of novel variants in an ongoing manner [Berg et al., 2011]. 
Moreover, accumulation of rich genomic data in those 
undergoing concurrent traditional newborn screening 
with subsequent informatics-based analysis of the results 
will allow accrual of critical data ultimately necessary for 
accurately interpreting novel variants. For example, in a 
disease-free individual, when novel variants appear  in 
trans  with variants previously documented as disease-
causing, the novel variant can be typically be assigned to 
non-pathogenic status.

  Second, our findings demonstrate the strengths and 
weaknesses of relying heavily upon publicly available da-
tabases. For example, variants in 7 genes appeared to be 
novel on first analysis, but on re-examination a few 
months later, these variants were found to be newly in-
cluded in the updated databases, highlighting the need 
for both timely curation of databases and iterative analy-
sis of patient data. Conversely, using such databases to 
assign pathogenicity can be equally problematic, espe-
cially in the case of recessive or low-penetrance mutations 
and because such databases have frequently included 
seemingly pathogenic mutations that are in fact benign. 
In other words, it must be abundantly clear that the inclu-
sion of variants in these databases is not a sign of clinical 
irrelevance.

  Third, this study emphasizes pitfalls in high-through-
put sequencing, both in terms of incomplete coverage of 
all relevant regions as well as the inevitable presence of 
artifacts. Using a database of 572 individuals sequenced 
at the same facility, ‘variants’ affecting 5 genes were found 
to be sequencing artifacts. Unsurprisingly, all of these 
variants involved repeat regions. Such concerns raise 
questions about both false-positive and false-negative 
data and the need to confirm clinically actionable find-
ings before reporting them, especially until next-genera-
tion sequencing platforms achieve better accuracy.

  Though this study highlights numerous impediments 
to the use of genomic data to augment newborn screen-
ing, it also illustrates several potential benefits. First, as 
described in the results section, we identified a variant in 

 GALT  (p.Asn314Asp) that can be associated with reduced 
enzyme activity when linked with certain variants  in cis 
 [Langley et al., 1997; Elsas et al., 2001]. The lack of these 
linked variants (and the presence of variants linked to the 
allele conferring normal enzymatic activity) confirms 
that this is not a clinically concerning finding. Having 
information like this immediately available could be an 
effective way to help correlate results from current new-
born screening techniques. Second, we identified a het-
erozygous, established disease-associated missense vari-
ant in  PHYH  (MIM 266500): rs28938169: c.85C 1 T, 
p.Pro29Ser; mutations in this gene are associated with 
Refsum disease [Jansen et al., 2000]. One of the manifes-
tations of Refsum disease is deafness, but the onset is typ-
ically slightly older than would be ascertained by new-
born screening. This illustrates how genomic screening 
could complement conventional screening by ascertain-
ing clinically actionable disorders that would not be as-
certainable by current newborn screening methods or 
disorders whose rarity precludes inclusion in convention-
al newborn screening panels.
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