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Abstract

In this pilot study, we aimed to evaluate the feasibility of whole genome sequencing
(WGS) as a first-tier diagnostic test for infants hospitalized in neonatal intensive care
units in the Brazilian healthcare system. The cohort presented here results from a joint
collaboration between private and public hospitals in Brazil considering the initiative of
a clinical laboratory to provide timely diagnosis for critically ill infants. We performed
trio (proband and parents) WGS in 21 infants suspected of a genetic disease with an
urgent need for diagnosis to guide medical care. Overall, the primary indication for
genetic testing was dysmorphic syndromes (n = 14, 67%) followed by inborn errors of
metabolism (n = 6, 29%) and skeletal dysplasias (n = 1, 5%). The diagnostic yield in our
cohort was 57% (12/21) based on cases that received a definitive or likely definitive
diagnostic result from WGS analysis. A total of 16 pathogenic/likely pathogenic vari-
ants and 10 variants of unknown significance were detected, and in most cases inher-
ited from an unaffected parent. In addition, the reported variants were of different
types, but mainly missense (58%) and associated with autosomal diseases (19/26); only
three were associated with X-linked diseases, detected in hemizygosity in the proband
an inherited from an unaffected mother. Notably, we identified 10 novel variants,
absent from public genomic databases, in our cohort. Considering the entire diagnostic
process, the average turnaround time from enrollment to medical report in our study
was 53 days. Our findings demonstrate the remarkable utility of WGS as a diagnostic
tool, elevating the potential of transformative impact since it outperforms conventional
genetic tests. Here, we address the main challenges associated with implementing
WGS in the medical care system in Brazil, as well as discuss the potential benefits and

limitations of WGS as a diagnostic tool in the neonatal care setting.
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1 | INTRODUCTION

Genetic diseases and congenital anomalies occur in ~6% of all live
births and represent the leading cause of infant hospitalization in neo-
natal intensive care units (NICU; Hagen et al., 2022; Marouane
et al., 2022; Swaggart et al., 2019). In particular, congenital anomalies,
possibly indicating an underlying genetic disease, account for 14% of
all admissions to NICU and it is the primary reason for mortality
among newborns (Hudome et al, 1994; Jacob et al, 2015;
Stevenson & Carey, 2004; Synnes et al., 2004; Weiner et al., 2011).
Nonetheless, providing early etiological diagnosis for critically ill
infants, which is crucial for optimizing clinical outcomes, is exception-
ally challenging due to the vast number of over 8000 genetic diseases,
often presenting atypical symptoms (Boycott & Ardigd, 2018; Hartley
et al., 2018). Although the shift from empirical treatment to accurate
clinical management of identified genetic diseases is facilitated by
timely diagnosis, the slow turnaround time of genetic testing results
limited their real-time application in critical care medicine. In such
complex and critical scenario, whole genome sequencing (WGS) has
been recommended as a first-tier diagnostic test for infants admitted
to NICU (Bowling et al., 2022; Denommé-Pichon et al., 2022; Farnaes
et al, 2018; French et al, 2019; Hayeems et al., 2017; Sanford
et al., 2019; Sanford Kobayashi et al., 2022). Notably, despite its initial
high cost, WGS has the potential to decrease overall expenses, espe-
cially in terms of hospital length of stay (Chung et al., 2020; Farnaes
et al., 2018; Sanford Kobayashi et al., 2022). This can be attributed to
its ability to provide more comprehensive genetic information, which
can help shorten the stressful and emotionally burdensome diagnostic
odyssey experienced by families. Neonatologists have progressively
recognized the benefit of WGS since it helps mitigate the rapid pace
of discovery in genomics, considering the estimated 250 new gene-
phenotype associations being discovered each year (Bamshad
et al.,, 2019; Kingsmore et al., 2019; Palmquist et al., 2022; Saunders
et al., 2012).

The genome sequencing of the proband and their parents (trio),
when possible, reduces the number of candidate variants and
improves diagnostic accuracy. It is worth mentioning that, tradition-
ally, genetic tests are used stepwise to identify disease-causing vari-
ants in Brazil, starting with karyotype, then microarray, and eventually
progressing to exome sequencing. However, access to these tests can
be difficult in low- and middle-income countries. Exome or genome
sequencing is not often covered by the Brazilian Unified Health Sys-
tem (Sistema Unico de Satde-SUS). Karyotype and microarray must
be performed, and a negative result must be confirmed before exome
sequencing can be ordered and covered by the patient's private health
insurance. While many programs worldwide have shown that WGS
improves clinical outcomes and reduces costs in the NICU setting
(Chung et al., 2020; Farnaes et al., 2018; Sanford Kobayashi

et al., 2022), implementing such a test within a national healthcare
system poses significant challenges. Among others, these include bal-
ancing the extreme stress of families with the complexities of the
informed consenting process, incomplete understanding of new tech-
nology leading to uncertainty for healthcare providers, and a lack of
consensus on reporting secondary findings. In this pilot study, we
aimed to evaluate the clinical utility of WGS as a first-tier diagnostic
test for infants hospitalized in NICU in Brazil. Our study was designed
to assess the feasibility of improving the speed and accuracy of
molecular diagnosis for critically ill infants and to address the main
challenges associated with the current diagnostic process in our medi-

cal system.

2 | PATIENTS AND METHODS

21 | Study design

This is a prospective, multicenter, observational study that enrolled
21 hospitalized infants in NICU from private and public hospitals in
Brazil between March 2022 and September 2022. Three clinical sites
participated in the research, namely Instituto da Crianca - FMUSP
(Sao Paulo, SP), Hospital Infantil Sabara (Sdo Paulo, SP), and Hospital
das Clinicas de Porto Alegre - HCPA (Porto Alegre, RS). The study
was approved by the Ethics Committee from Hospital Moriah (CAAE:
44497221.6.0000.8054) and conducted in accordance with ethical
principles established in the Declaration of Helsinki, and Resolution
466/2012 of the Brazilian National Health Council. Patient's parents
were required to provide written informed consent to participate in
the research. Clinical information was collected from the genetic test-
ing requisition form, which was filled out by the physicians, and
included: sex, age, phenotype, and opt-in to receive secondary find-
ings. Parents' WGS results were used for the probands' WGS data
interpretation. Figure 1 shows a flowchart of the present study. All
relevant clinical and molecular information from this pilot study is pre-
sented in Table S1.

2.2 | Enrolled infants

We enrolled infants referred due to the following conditions:
(1) infants hospitalized in NICU suspected of a genetic disease and no
apparent clinical diagnosis; (2) urgent need for an etiological diagnosis
to guide medical care; (3) proband and both biological parents avail-
able for blood samples; and (4) informed consent signed by both par-
ents. The inclusion criteria were validated by the clinical geneticist
coordinating the project. After medical consultation, blood samples

were collected from the proband and their parents at the clinical sites.
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21 Eligible Infants
Inclusion criteria:

guide medical care;

(4) written informed consent from both parents.

(1) hospitalized in NICU with an urgent need for an etiological diagnosis to

(2) suspected of a genetic disease and no obvious clinical diagnosis;
(3) proband and both biological parents available for blood samples;

Exclusion criteria:

v

Infants with findings with a known chromosomal aneuploidy
Prenatal molecular diagnosis already been established

Enrollment

Trio WGS

A

Molecular diagnosis

FIGURE 1

Flowchart of this pilot study. A total of 21 infants suspected of a genetic disease and hospitalized in neonatal intensive care units

(NICU) were enrolled. Three clinical sites participated in this research: Instituto da Crianca - FMUSP (Sao Paulo, SP), Hospital Infantil Sabara (Sao
Paulo, SP), and Hospital das Clinicas de Porto Alegre - HCPA (Porto Alegre, RS). Whole genome sequencing (WGS) analysis includes collecting

trio (proband and both parents) for molecular diagnosis.

Infants were excluded from the study if they had findings consistent
with a known chromosomal aneuploidy (e.g., trisomy 13, 18, and
21 and monosomy X), or if they had a prenatal molecular diagnosis

already established.

2.3 | Whole genome sequencing

Peripheral blood samples collected in EDTA tubes were sent to DASA
Genomic laboratory (Sdo Paulo, SP) for DNA extraction
(QlAsymphony DSP DNA Mini Kit), storage, and sequencing experi-
ments. WGS from the probands and their parents was performed for
the detection of single nucleotide variants (SNVs), small insertions and
deletions (InDels), and copy number variations (CNVs). According to
the manufacturer's recommendation, DNA libraries were built using
the lllumina TruSeq DNA PCR Free kit (California, USA). DNA library
fragments were sequenced from both ends (paired) with a read length
of 150 base pairs using the lllumina NovaSeq 6000 platform
(California, USA). The targeted mean coverage depth was 30x with
>80% of bases covered at 20x. Sequence reads were aligned to the
GRCh38 reference genome utilizing the DRAGEN Germline App

v3.9.5 (lllumina, Inc., California, USA). The same platform was used for
processing quality control (QC) metrics and variant calling. The resolu-
tion of CNVs in our analysis was >30 kb. Other structural variants
were not assessed in this study. The QC metrics and analytical perfor-
mance of WGS data are presented in Tables S2 and S3, respectively.

2.4 | Annotation, filtering, and variant
classification

Sequence data were analyzed using the Emedgene platform (lllumina,
Inc., California, USA) and the PhenoDB Variant Analysis Tool (Sobreira
et al, 2015). VCF files were used for annotation and filtering of
genetic variants. Visual verification of the findings was made using
data from the BAM files. Variant analysis and interpretation were con-
ducted as part of a research protocol. As part of our filtering strategy,
we selected: (1) variants with minor allelic frequency <1% (1000
Genomes; dbSNP; dbVar; gnomAD); (2) variants in disease-causing
genes per MIM; (3) exonic and splicing variants; (4) variants not
located in segmental duplications (excluding pseudogenes). The

selected variants were classified as pathogenic (P), likely pathogenic
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(LP), benign (B), likely benign (LB), or variants of unknown significance
(VUS) according to the American College of Medical Genetics and Geno-
mics (ACMG) guidelines (Richards et al., 2015). We tested all modes of
inheritance, starting with autosomal dominant hypothesis (investiga-
tion of de novo variants), followed by autosomal recessive or X-linked
(homozygosity, compound heterozygosis, and hemizygosity). Sanger
sequencing was used to validate variants suspected of false positives,
that is, variants with a vertical coverage <20x or when an allele bal-

ance bias was observed.

2.5 | Case classification

Gene selection and variant interpretation were guided through the
clinical history of the patient and Human Phenotype Ontology
(HPO) terms. The selected variants were assigned a case-level clas-
sification that linked the variant to confidence in causation. The
variants were classified as definitive diagnostic (DD), likely diagnos-
tic (LD), or inconclusive (IN). Most infants harboring pathogenic or
likely pathogenic variants received a case-level classification of
DD. However, for a few cases, a pathogenic or likely pathogenic
variant received a case-level classification of IN because (1) the
zygosity of the variant did not follow the expected mode of inheri-
tance associated with the disease caused by the gene (only one
heterozygous variant was identified in a gene associated with an
autosomal recessive condition); (2) the probands' phenotype did
not overlap with the phenotype caused by pathogenic variants in
the gene; or (3) we could not define if the variants were in cis or
trans. In contrast, some probands that harbored a VUS received a
case-level classification of LD when it was identified in trans with
another P/LP variant. This association was particularly explored in
genes, when altered, cause a phenotype consistent with the clinical

presentation of the patient.

2.6 | Return of results and limitations

One final genome report was delivered for each trio since genomic data
from the parents were used exclusively to aid in the analysis of the pro-
bands' WGS data. Only variants classified as pathogenic, likely patho-
genic, or VUS in a gene known to cause a disease related to the
probands' phenotype were reported. Secondary findings were reported
when the probands' parents opted-in as indicated in the informed con-
sent. In this case, only variants classified as pathogenic or likely patho-
genic in AMG actionable genes were reported (Miller et al., 2022).
WGS results were delivered to the physician at the clinical sites, and
each hospital was responsible for guiding medical care and providing
proper genetic counseling to the family. Of note, the bioinformatics
pipeline utilized in this study was optimized for constitutive variants, so
mosaicism cases may not be detected. A limited sensitivity is also
expected on genes with high homology (i.e., SMN1/SMN2, HBA1/
HBA2, CYP21A2/CYP21A1P, PMS2/PM2CL, GBA/GBAP1) due to poor
mapping quality of short reads on regions with high similarity.

3 | RESULTS

3.1 | Demographic and clinical features

We performed trio WGS in 21 hospitalized infants over a period of
7 months. Although most patients were referred from public hospitals
in Brazil (HC-USP and HCPA), it is worth mentioning that the private
hospital Sabard was the last clinical site to participate in this research,
thus, had a lower recruitment rate. Age range was from 12 to 180 days
(median age: 28 days) at the time of enrollment, and 86% (n = 18) of
the patients were male. Overall, the primary indication for genetic test-
ing was dysmorphic syndromes (n = 14; 67%) followed by inborn errors
of metabolism (n = 6; 29%) and skeletal dysplasias (n = 1; 5%; Table 1).

Patients with DD/LD result n (%) Patients with IN result n (%)

TABLE 1 Demographic and clinical characteristics of the infants enrolled in this pilot study.
Characteristics Total n (%)
Clinical sites

HC-USP 11 (52%)

HCPA 7 (33%)

Hospital Sabara 3(14%)
Sex

Male 18 (86%)

Female 3 (14%)
Age, median (range)

Age of proband at enrollment (days) 28 (12-180)
Primary indication for genetic testing

Dysmorphological syndromes 14 (67%)

Inborn errors of metabolism 6 (29%)

Skeletal dysplasias 1 (5%)

Abbreviations: DD/LD, definitive diagnostic/likely diagnostic; IN, inconclusive.

6 (50%) 5(56%)
5 (42%) 2 (22%)
1(8%) 2 (22%)
10 (83%) 8 (89%)
2 (12%) 1(11%)
7 (58%) 7 (78%)
4 (33%) 2 (22%)
1(8%) -
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With input from medical geneticists, we documented patient clinical
features using HPO terms, which were grouped into 12 relevant phe-
notypic categories (Table S4). These categories include a total of
45 HPO terms. Notably, all patients presented phenotypic features cor-
responding to more than one category as seen in Table SS1.

Figure 2a summarizes the most frequent clinical features encoun-
tered in our cohort. The top 15 HPO terms comprise cardiac malfor-
mations (n = 6; 13%), failure to thrive (n = 6; 13%), dysmorphisms
(n = 5; 11%), premature birth (n = 5; 11%), congenital diaphragmatic
hernia (n = 3; 7%), hepatosplenomegaly (n = 3; 7%), hypoglycemia
(n = 3; 7%), macrocephaly (n = 3; 7%), seizure (n = 3; 7%), adrenal
hyperplasia (n = 2; 4%), ambiguous genitalia (n = 2; 4%), hypertrophic
cardiomyopathy (n = 2; 4%), hypotonia (n = 2; 4%), metabolic acidosis

(n = 2; 4%), and recurrent infections (n = 2; 4%).

3.2 | Diagnosticyield

Out of the 21 infants enrolled in this study, 12 received a DD/LD

result, reflecting an overall diagnostic yield of 57% in our cohort. The

medical genetics Bl WILEY_L_°

remaining nine patients (43%) received an IN result either because
they harbored a VUS or no pathogenic/likely pathogenic variants
were detected. In most cases (n = 8; 38%), the disease-causing variant
was inherited from the unaffected parent whereas in 19% of cases
(n = 4) the variant occurred de novo (Figure 2b). All families con-
sented to receive secondary findings in the ACMG actionable genes
(Miller et al., 2022) but only one pathogenic variant was detected in
one infant. Turnaround time from enrollment to medical report aver-
aged 53 days; an overview of the diagnostic process in this pilot study

is presented in Figure S1.

3.3 |
variants

Characteristics of the disease-causing

Overall, a total of 16 disease-causing variants (P/LP) and 10 VUS were
identified across 17 MIM genes. Ten novel variants, not present in
any public genomic database, were observed in our cohort. In most of
the DD/LD cases (65%), the infants inherited compound heterozygous

or homozygous variants in a gene associated with an autosomal

a Failure to thrive (HP:0001508)
Cardiac malformations (HP:0030680)
Premature birth (HP:0001622)
Dysmorphisms (HP:0001999)

Seizure (HP:0001250)

Macrocephaly (HP:0000256)

Hypoglycemia (HP:0001943)
Hepatosplenomegaly (HP:0001433)
Congenital diaphragmatic hernia (HP:0000776)
Recurrent infections (HP:0002719
Metabolic acidosis (HP:0001942

Hypotonia (HP:0001252

Ambiguous genitalia (HP:0000062
Adrenal hyperplasia (HP:0008221

)
)
)
)
)
)

(

(
Hypertrophic cardiomyopathy (HP:0001639

(

(

(b)

—

Inconclusive (IN)
n=9 (43%)

1 (1.3%)
I mmmm—— (13%)
1 mmm— (1196)
1 (119%)
I— (7%)

I (7%)

I (7%)

— (7%)

[ (7%)

I (4%%)

[ (4%%)

I (4%)

I (4%)

I (4%)

I (4%)

0 1 2 3 4 5 6 7

Number of individuals

Definitive diagnostic/Likely diagnostic
(DD/LD)
n=12 (57%)

—— Inheritedn=8
(38%)

——— Denovon=4
(19%)

FIGURE 2 Phenotypic characterization and diagnostic yield of whole genome sequencing in our cohort. (a) Frequency distribution of the
most common Human Phenotype Ontology (HPO) terms encountered in our cohort. The horizontal bar chart displays the top 15 HPO terms.
(b) The pie chart displays the overall diagnostic yield based on cases that received a definitive or likely definitive diagnostic (DD/LD) or an
inconclusive (IN) result from sequencing. On the right side the bar chart show that in most cases the disease-causing variant was inherited from

the parent.

85U8017 SUOWIWOD SA[8ID 8 [deot[dde aup Ag peusenob a.e sjole YO ‘9SN Jo So|ni o} AkeuqiT8UIIUQ A8]I/ UO (SUONIPUOD-PUe-SWB L0 A3 1M Aleiq Ul Juo//SAny) SUORIPUOD Pue SWiS 1 81 88S " [720z/c0/0z] uo AkeidiTauljuo A[IM ‘[iZelg - ojred 0es Jo Alun Ad vyse9e Bufe/z00T 0T/I0p/woo A8 1M AeIqipuljuD//:Sdny Wouy pepeojumoq ‘0 ‘EE8YZSST



MIGLIAVACCA ET AL.

6 AMERI'CAN JUURNAL'OF PART
—|—Wl L EY—medical genetics

(65%)

Number of variants

(15%)
(12%)
(8%)

homozygous/compound de novo variants

heterozygous variants

hemizygous variants, heterozygous variants,
inherited from inherited from
unaffected mother unaffected parent

(58%)

Number of variants

(15%)
(12%)

(4%) (4%) (4%) (4%)
0 HE EH =H BN
missense frameshift  stopcodon splicing 3'UTR CNV Intronic

variants

Exonic variants

(C) Affected genes or chromosomal regions

KMT2D F7

CRTAP ECHs1 - - -

FIGURE 3 Characteristic of the disease-causing variants identified from whole genome sequencing analysis in our cohort. (a) Frequency
distribution of all disease-causing variants based on the inheritance mode. (b) All returnable variants representing different types of variations
with missense variants being the most frequent. (c) Spectrum of the disease-causing variants listing the affected genes or chromosomal regions.

recessive disease (n = 17/26), whereas in 15% (n = 4/26) the infants
inherited a de novo heterozygous variant in a gene known to cause an
autosomal disease. An additional 12% (n = 3/26) represent hemizy-
gous variant, in males, inherited from unaffected mother, and 8%
(n = 2/26) correspond to heterozygous variant inherited from unaf-
fected parent (Figure 3a). Furthermore, the reported variants repre-
sent different types of variations, being most of them exonic; 58% of
the disease-causing variants result in missense, 12% in frameshift, and
4% in stopcodon. Also, 4% of them were either predicted to disrupt
splicing or present in 3’ Untranslated Region (UTR), and there was one
case resulting from a CNV, a 16 Mb duplication at 20p13p12.1
(Figure 3b). The spectrum of the disease-causing variants is shown in
Figure 3c. Table 2 presents a summary of all variants identified in this
study, including the associate disorder, and the novel variants
highlighted in bold. The total number of P/LP variants and VUS
detected in our cohort was 18 and 17, respectively, considering both
the IN and DD/LD cases.

4 | DISCUSSION

Several studies have shown the remarkable clinical utility of WGS to
shorten the diagnostic process for critically ill infants. Here, we report

our experience implementing WGS as a first-tier diagnostic test for

infants hospitalized in the NICU in the Brazilian healthcare system. The
patients were referred from public and private hospitals in Brazil in order
to gather a more comprehensive perspective on the application of WGS
as diagnostic tool in the neonatal care setting; understanding the unique
challenges and opportunities of implementing WGS in a country with
distinct healthcare resources and infrastructure was essential to evalu-
ate its potential impact on clinical practice and patient care.

By employing trio WGS in 21 infants suspected of a genetic dis-
ease we achieved an overall diagnostic yield of 57%. Our results are in
accordance with previous publications from other groups and show
the robustness and effectiveness of our approach to provide timely
diagnosis for critically ill infants. The reported causative variants
included SNVs, InDels, and CNVs, but missense variants were the
most common (58%), in agreement with prior WGS studies. Further,
autosomal recessive was the most common mode of inheritance, with
infants harboring compound heterozygous or homozygous variants in
a gene known to cause an autosomal recessive disease. There were
no recurrent diagnoses, affected genes, or chromosomal regions,
reflecting genetic heterogeneity in critically ill infants. Notably,
10 novel variants were observed in our cohort. This expressive num-
ber in a small cohort may reflect the underrepresentation of the
Brazilian population in public genomic databases. Regarding the phe-
notypes, dysmorphological syndromes represent the primary indica-

tion for genetic testing (67%), but stratification of specific HPO terms

85U8017 SUOWIWOD SA[8ID 8 [deot[dde aup Ag peusenob a.e sjole YO ‘9SN Jo So|ni o} AkeuqiT8UIIUQ A8]I/ UO (SUONIPUOD-PUe-SWB L0 A3 1M Aleiq Ul Juo//SAny) SUORIPUOD Pue SWiS 1 81 88S " [720z/c0/0z] uo AkeidiTauljuo A[IM ‘[iZelg - ojred 0es Jo Alun Ad vyse9e Bufe/z00T 0T/I0p/woo A8 1M AeIqipuljuD//:Sdny Wouy pepeojumoq ‘0 ‘EE8YZSST



15524833, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.63544 by Univ of Sao Paulo - Brazil, Wiley Online Library on [20/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

N WILEY

AMERI.CAN JOURNAL. 0F
medical genetics P\

MIGLIAVACCA ET AL.

(ssnunuo))

9¢

214

o€

9€

6€

6€

€9
144

61
€5

LE

v
114

(skep)
vl

an

NI

al

an

aa

NI

aa
NI

aa
NI

NI

NI
NI

uojpjeslyisse|d
ase)

SNA
SNA

SNA

d1

SNA
SNA
d1
d1

SNA

SNA

SNA

SNA

SNA

SNA

uojjesyissepd
juenep

=\

avie

dv
aix
v

dv

=\

av
av

<\

dv

v
X

uiened
dueIBYu|

199019

9LS

6v7'609
€02'00€
8/8'€T9

LLT9T9

12’809

G816
€11°209

L6VS

G8Z'809

T9T'a19
¥¥9°00€

auas
(WIW)

T 9dA} uoijejAsodA|3ap Jo JapUosip [euaduo)

T adA&y

199)9p |e1das Jejnduusp /10| jeq Jo ASojesla] /i

9dA3 109)9p |e1das JenNdLIIUSACLIY /T

9dA] 109J0p |e1das |ely/aseasip Juesy
1e21uU93U0D INOYUM IO YIIM SBijeuioue Jejndiss |

AjeydasuauespAyouin
pue (Ajeydasouoiw yum) 4 Ajeydasuassi

¢ Ayjedojeydadua d13dajida pue |epuswdolpAaqg

Aouapyap [IA J030e4

Aduapiep T
asejelpAy yoD-|Aoua uleyd-1oys |eLipuoyd0|A|

Sa.Nnzias pue ‘sanljewsoude [eldejolueld
‘eluojodAy ypm JspJosip [ejuswdol|sASpoInaN

T 9dA} Jueuiwop
|ewosolne aseasip Asuppy [elsisuloingn

SWOUIpUAS pingey

1IN 2dA3 epdapiadwi sisaua3d0alsO

€ SWOUIPUAS
S$109J9p quii| PUe ‘|eusad ‘OeipJed ‘|eigalIaA
{7 9SS0
|ewosolne ‘JapJosIp [epuswdolaASp [en3Is|[93u]

aseasip Aige4

J3PpJOSIp PajeIdossy

D <1 STT.?%'£628T0 NN
1 < DT2C-¥00172 ' £62810 NN

dnps6£088Y 79068178
‘TT°€20000 ON

V < 92ZL 5250200 AN

1 <D2/L82 T 6L6EYTTO0 WN
D < VEBTZ? 'T'6STE00 NN
V < DE0ET ¥’ TET000 AN

V < DE85 #'260¥00 NN

9 < V9LY™ 260700 INN
dnp/98 + 926 1'00L720 WN

1 < D9¥€2 %'00L¥Z0 WN

9 < VZ9E €' T9€E00 NN
1 < OS82 :€Z87E00 NN

D < L SST2:6'TLE900 NN
[PPTZE 0ZE™ :STLEFO0 NN

1<96/9T +
2951 :G°T9T8TO NN

V < 9LLYT2:STIT8TO NN

IPPLLT ¥LT7 7"0TS080T00 N
D < DEZTT :€'691000 NN

ainjejppuawou SAHH

TATON

€Z°TTdX Je uonedldnp gy €7

PYLVO

I3aN
Ey) (€]
/4

ISHO3

IdINS

aonn
actini

dv14D

INASAVN

ECTLLIN
V19

jJuawisas
|ewosowo.yd 10 (S)auas pajdayy

€1

[4%

11

(0]

ai

"}JOY0D UNo U SISAjeue ejep SUIDUSNDAS SWOUSS SJ0YM WO} PIIJIIUSP] SJUBLIEA PR30R312P IV Z 314V 1L



15524833, 0, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.63544 by Univ of Sao Paulo - Brazil, Wiley Online Library on [20/03/2024]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

m JUBUIWIOP PXUI-X ‘@TX -PUI-X “TX ©2UediusIs umousun JO JUBLIBA ‘SNA
g ‘awiy punoJeuwany ‘] o1uadoyied ‘4 Diuadoyied ARy ‘47 d1rsoudelp AjRXI| ‘7 AISN|DUODUL ‘N UOIIedIIIUSP! ‘]| ©21Isoudelp SAIIULSP ‘g ‘DAISS9I3U [BWIOSOINE Yy SJUBUIWOP [ewosolne ‘Y :Ssuolieinsiqaqy
O
< _
Avn SNA dnpoS#1°2 16005000 NN
m Aduadiyep asejAXoIpAy-T1Z
= 03 anp ‘9dA} 2Issejpuou ‘wsiuadolpueladAH
pue Aduaidiap ase|AXoIpAY-TZ
0ST anl d ¥V SI8ET9 01 anp ‘[e3uaduod ‘eise|diadAy eusipy 1 < D556 :6°005000 WN C¢VICZdAD T¢
SNA dY Y0909 9 < V8¢-8257 'S¥€900 NN
d1 ¥V 09709 SWOIPUAS ZaJad-nepue-ig [PPOY2 ‘'SE900 INN 6Y0EI1S
SWOJPUAS
69 aa dl av  958'009 JDVINI PUB SWOIPUAS UUBWSPIIM-YIM3D3g J < 9T + 028 :2'920000 WN JINXAD 0cC
dnp1/0¥0891 281198
9 aa d - - - ‘T1°0C0000 DN 1Z1dgTdOg 3e uonediidnp N 9T 61
06 aa d1 ¥V 66¥TT9 IIA sisopueyaoesAjodooni 1 < D/0€? %' 181000 WN asn9 81
AlA1oepAjod yum T eisejdsAp
06 NI d ¥V 8/T°019 d1oeIoY] qU-HI0YS pue £ dwolpuAs 1agnof [9P8ZY ™ :T'681¥¥ZT00 NN 9850VVIM LT
1osullsp 006
SNA R A AAAAR) VAI sisoplieyooesAjodooni -€Z¥ T06-€T¥™ :5'CTS000 INN SNV
d1 i\ A A A A AL VAI sisoplieyddesAjodooniy 9 < 1 66¥2:5C715000 NN SNTVS
d1 D < 1 896:Z°91009€T00 NN
€9 al d1 X 006°S0E (wsiney) Juaidyap Ad9D ‘elwaue dnAjowaH 9 < V9£E:Z'9TO09ETO0 NN ades 91
[PPYSYTEEEYT CLLO6TEVT S
61 NI SNA - - - ‘TT°T00000 DN €YbT e UONSJPP O ZET ST
SNA =\ €¢9L V < DTTOT-8822 S T£2000 WN
- d1 qv €¢9L A pue T2 3dA] ‘9seasip 3dld-UuewsIN 1 < DJ¥0TE? G TLZ000 NN IJdN
m JE[NJ0 JIWOJIPUASUOU ‘|
w.m 9dA] ‘OWIOIPUAS JBPPRIS-/| 9dAT ‘SWOIPUAS JSPPNS
m b -/eise|dsAp |essyduadojApuods- /adAy nossuels
= mn.v ‘e1se|dsAp |easAydidaojApuods-/dA3 yoimpnas
S&0 Q3INS-/eNUSSUD (J3S-/adA) 9dueLI0] ‘eiseldsAp
mm [e39]e3s JljApuodsAle|d-/eise|dsApoipuoy piitu
= .aO.v UM SIILIYPIEOS)SO-/3583SIp SayLIad-aAeD-3397
m = - /e1se|dsAp 1sa1uyy-/eise|dsAp Yyoaz)-/peay |eJows)
| 3y JO SISOJI3U Je|NISeAY/-/SIsauadolpuoydodAy
V.. JO || 9dA] ‘sissua8opuoydy
E - /eise|dsAp [easAydids [ea3uejeyd ypm
- Ayzedounaioaiyin-/ssaujesp pue eidoAw ypm
— ¢ ‘. 4 .y oo, -
W 24 ad d avie ovl'ozt ‘dldnw ‘eiseidsAp [easAydid3-) ssdAjousyd sidinin 1 <2506 :5'7¥8100” NN IvZ100 1
(sAep)  uoneosuisse|d uonesiyisse|d weaned suad 19pJosIp pajeIdossy ainjepuawou SADH uswdas (|
‘A 1vL ase) jueliep aosuejayu| (WIN) |ewosowo.yd 10 (S)auas pajdayy
© (penupuod) z 314vl



MIGLIAVACCA ET AL.

among congenital anomalies and its correlation with the likelihood of
receiving a DD/LD result was not possible to be made in this study. It
is relevant to mention that recent advances in high-throughput
sequencing technologies combined with a phenotype-driven analysis
have made rapid molecular diagnosis a viable option. Saunders et al.
(2012) were the first to describe, in a proof-of-concept study, a 50-h
molecular diagnosis of genetic diseases using WGS which was
designed for use in NICU (Saunders et al., 2012). However, the term
“rapid” is not universal in the literature and the median time to diag-
nosis using WGS ranges from 1 to 43 days. This difference depends
on the country, resources, year of the study, and so forth. In this pilot
study, considering the entire diagnostic process, the average turn-
around time from enrollment to medical report was 53 days. Hence,
WGS significantly surpassed the conventional genetic testing protocol
encompassing karyotype, microarray, and exome sequencing, which
exhibited an average turnaround time of 95 days.

Despite the successful diagnostic rate presented here it is impor-
tant to highlight the challenges and limitations encountered during
our study to provide valuable insights into the practical implementa-
tion and interpretation of WGS results. One of the main reasons the
proband could not be enrolled in the study was the lack of parental
samples. The lack of detailed phenotypic description was another
challenge and limited the researchers' ability to comprehensively eval-
uate the sequencing data and make accurate diagnoses. We were also
unable to have electronical medical records to collect the complete
clinical history of the proband, which is crucial to access and integrate
patient information, potentially impacting the depth of analysis.
Finally, the cost of the WGS is still a limitation for the implementation
of this test in the Brazilian healthcare system. To overcome all these
challenges and limitations, we suggest a collaborative approach that
leverages shared sequencing facilities. By collaborating, multiple insti-
tutions and laboratories can pool resources and expertise, leading to
lower costs and faster turnaround times. Moreover, the establishment
of a strong collaboration between academia, industry, and govern-
mental organizations can potentially generate financial support for
research projects. These partnerships may empower the development
of cutting-edge genomic technologies and enable the development as
well as application of new genetic tests. We also understand that
encouraging studies that evaluate the economic impact of WGS in our
healthcare system would be beneficial. Demonstrating the cost-
effectiveness and clinical utility of WGS will help garner support from
private health insurance companies, leading to increased coverage
and accessibility for patients. Nonetheless, it is important to charac-
terize social indicators that predict health disparities regarding access
to genomic sequencing. Identifying and addressing these indicators is
important to promote equity in our healthcare system and ensure that
individuals from all socioeconomic backgrounds have equal opportuni-
ties on the access of genetic tests. This may involve targeted initia-
tives, health policies, or educational programs to bridge the gap and
promote equal access to genetic services (Fishler et al., 2022).

In conclusion, the healthcare system in Brazil poses distinctive
challenges in the integration and implementation of new health poli-

cies. However, we demonstrated the remarkable clinical utility of

medical genetics B-WILEY-L_°

WGS as a diagnostic tool in our neonatal care setting, highlighting its
transformative impact in patient clinical management. Our results
show the precise nature of WGS, reinforcing its application as a first-
tier diagnostic tool for neonates in the NICU. The implementation of
WGS improves patient care, treatment efficacy, and reproductive
counseling for these vulnerable patients and their families. As a result,
we urge public agencies in Brazil to earnestly consider the integration

of WGS into their healthcare framework.
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