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Abstract

Genetic diseases significantly contribute to morbidity and mortality in neonatal intensive care units (NICUs), with diagnoses
often delayed due to clinical complexity. Rapid whole-exome sequencing (rWES) and transcriptomic analysis (RNA-seq)
may improve diagnostic rates and clinical outcomes. Prospective study of neonates admitted to NICUs with suspected genetic
diseases (n=34) who underwent rWES, followed by RNA-seq applied in cases in which rWES failed to establish diagnosis.
The primary outcome was the diagnostic rate. Secondary outcomes included time to diagnosis, clinical utility, parental
stress, and cost-effectiveness. rWES achieved a 41% diagnostic rate with a mean turnaround time of 8.57 +2.62 days. RNA-
seq increased the diagnostic yield by 6%, resulting in a total diagnostic rate of 47%. The use of rWES reduced unnecessary
procedures by 15% and shortened hospital stays by 25% (p <0.01). Cost-effectiveness analysis indicated that rWES was
economically advantageous, with an ICER of < €9000. Relative to pre-diagnosis levels, parental anxiety decreased by 30%
in cases in which diagnosis was achieved but increased by 15% in cases in which no diagnosis was established (p < 0.05).
Conclusion: Implementing rWES in NICUs improves care for critically ill neonates by providing timely, accurate diagnosis,
reducing healthcare costs, and alleviating parental anxiety. RNA-seq further enhances diagnostic accuracy.
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Abbreviations SD Standard deviation
ACMG American College of Medical Genetics and UND Undiagnosed

Genomics VUuS Variants of uncertain significance
COXPD3 Combined oxidative phosphorylation defi- VCF Variant call format

ciency 3 WES Whole-exome sequencing
CNVs Copy number variations
DEGs Differentially expressed genes
HAM-A  Hamilton Anxiety Rating Scale Introduction
HPO Human Phenotype Ontology
HSCT Hematopoietic stem cell transplantation Genetic alterations are a major cause of morbidity and mor-
ICER Incremental cost-effectiveness ratio tality in neonatal intensive care units (NICUs). Clinical het-
LP Likely pathogenic erogeneity and overlapping symptoms complicate diagnosis,
NICUs Neonatal intensive care units which is often delayed or established post-mortem [1, 2].
NHS National Health System Given the potential for rapid disease progression and high
P Pathogenic lethality in the vulnerable newborn population, diagnosis
rWES Rapid whole-exome sequencing and timely intervention are vital for critically ill patients [3].

Genomic sequencing, including whole-exome sequencing
(WES), has evolved from research-specific technologies to
Communicated by Daniele De Luca tools that are increasingly integrated into clinical practice [4,
5]. Several studies have demonstrated the validity of rapid
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whole-exome sequencing (rWES) as a first-tier approach
to diagnosis in patients admitted to NICU, with diagnostic
rates ranging from 30 to 50%, and a mean time to diag-
nosis of 11-16 days [6—8]. Trio exome sequencing, which
includes both parents and the proband, further reduces turna-
round time (TAT) and maximizes diagnostic accuracy [9,
10] About 90% of rWES-related health savings come from
shorter hospital stays and fewer major procedures, while
10% of results from avoided diagnostic tests, like microar-
rays [11]. RNA-seq has been proposed to improve genetic
diagnosis, especially for rare diseases [12]. Transcriptom-
ics remains unevaluated in critically ill neonates but can
enhance genetic diagnosis, increasing diagnostic rates and
benefiting both research and clinical practice [13]. Moreo-
ver, few studies have investigated trio-based genetic testing
in the neonatal period, highlighting a significant research
gap that needs to be addressed [14, 15].

This study assesses rWES diagnostic efficacy and intro-
duces RNA-seq in critically ill newborns with suspected
genetic disorders. It also examines the psychosocial impact
of non-diagnosis and the cost-effectiveness of its integration
into NICU protocols.

Methods
Study design

This multicentre prospective study included 34 patients
admitted to NICUs in four tertiary hospitals in Spain and
Portugal over a 24-month period. Participants were recruited
through the Santiago Clinical University Hospital, the
Malaga Regional Hospital and the Miguel Servet Clinical
University Hospital, in Spain and the Centro Hospitalar do
Porto, in Portugal. Written informed consent was obtained
from the patient’s parents or legal guardians prior to their
inclusion. The study was approved by the Ethics and Clinical
Research Committee of Galicia (registry code 2020/494) and
conducted in accordance with the principles of the Declara-
tion of Helsinki.

Study population

Patients under 2 months of age were included if they met
at least one of the following criteria: (i) congenital malfor-
mations not attributable to a defined genetic syndrome; (ii)
clinical signs of metabolic decompensation in the absence
of biochemical abnormalities and/or neonatal screening
findings suggestive of an inborn error of metabolism; (iii)
epilepsy or neurodevelopmental disorders with suspected
genetic origin based on family history, consanguinity, or
clinical presentation; (iv) severe encephalopathy or hypo-
tonia of unknown cause; (v) respiratory or cardiovascular
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failure without acquired explanations and with features sug-
gesting a genetic basis (such as multisystem involvement or
positive family history); or (vi) other findings indicative of
an underlying genetic disorder, including dysmorphic fea-
tures, multisystem involvement, or an unexplained severe
disease course.

Study variables

Included family history, gestational age, clinical signs, days
since NICU admission, laboratory and imaging results, treat-
ments, and mortality. Clinical procedures performed before
and after genetic diagnosis in the trio were documented
to assess clinical utility and economic impact. Transcrip-
tomic analysis introduced a new dimension that increased
diagnostic accuracy, leading to an improved diagnosis rate.
Phenotypic features were recorded using Human Phenotype
Ontology (HPO) terms. Differential diagnoses were gener-
ated using the Phenomizer tool (http://compbio.charite.de/
phenomizer/). Clinical and molecular findings were then
correlated with genetic study results.

Procedures
Blood collection from patient and parents

A 3 ml blood sample was collected from each trio (patient
and both parents) for DNA extraction. For patients in whom
rWES failed to establish a diagnosis, 2 ml blood samples
were collected in Paxgene tubes for RNA extraction.

Genetic testing

rWES was performed using the Human Core Exome Kit
(Twist Bioscience), and sequencing was performed on an
Illumina NextSeq platform. Raw data were analyzed using
the SOPHiA DDM® platform, following American College
of Medical Genetics guidelines for variant classification.

RNAseq

RNA was processed according to the manufacturer’s recom-
mendations (Illumina, San Diego, CA, USA). Libraries were
prepared from total RNA using the TruSeq Stranded mRNA
Library prep kit (Illumina). RNA integrity and concentration
were determined by Nanodrop using the Qubit RNA Broad-
Range Assay. All libraries achieved an average size range of
300 bp. An Agilent 4200 Tapestation RNA Screentape was
used to confirm library quality by RNA size analysis. Paired-
end, 150-cycle sequencing was performed on the 500/550
High Output NextSeq platform (Illumina). The Genome
Analysis Toolkit (GATK, v4.2.4.1) Best Practices workflow
was used for variant calling. The resulting variant call format
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files were further annotated using Variant Effect Predictor
(VEP, v.104) to identify clinically relevant variants.

Differential expression analysis and aberrant
splicing

Analysis of aberrant expression was performed using OUT-
RIDER [16] and aberrant splicing was analyzed using
FRASER?2 [17]. OUTRIDER was used to detect outliers in
gene expression by fitting a robust statistical model to the
RNA-seq count data, while FRASER? identified aberrant
splicing events by analyzing splicing junction counts and
detecting splicing outliers in the RNA-seq data. For differ-
ential expression analysis, read counts for each gene and
transcript were quantified using RNA-SeQC (v. 2.4.2) [18].
The resulting count matrix was then imported into DESeq?2
(v. 1.44) for normalization and differential expression test-
ing [19]. DESeq?2 uses a model based on the negative bino-
mial distribution to identify differentially expressed genes
(DEGs) between conditions. Significantly, differentially
expressed genes were identified using an adjusted p-value
threshold (FDR < 0.05) and a log2 fold change cut-off of
+1.

Economic impact assessment

The economic impact on the Spanish National Health Ser-
vice was assessed by comparing the costs of rWES with the
costs of delayed diagnosis. These included direct health-
care costs as well as indirect costs. Cost estimates are from
Galician health service tariffs [20] and included the cost
of the average 6-year diagnostic delay typical for rare dis-
eases [21]. Calculation of the cost of metabolic testing
included consumables, personnel, and equipment amor-
tization (totaling €1856.8 per test) [21]. Non-healthcare-
related costs that were considered included parents’ loss of
earnings (€34,670) [22] based on the average gross income
of a worker (€20,288.1) [23], as well as lost leisure time,
calculated at 47% of working hours [24]. The incremental
cost-effectiveness ratio (ICER) was used [25] to compare
the cost of FWES with costs resulting from delayed diagno-
sis. Two measures were used to assess the effectiveness of
rWES: (i) reduction in parental anxiety, using the Hamilton
Anxiety Rating Scale (HAM-A) before and after receiving
genetic results; and (ii) impact on mortality, calculated as the
difference in probability of dying with and without genetic
diagnosis.

Parental psychological assessment

The clinical impact of the diagnosis was assessed using the
HAM-A test, which measures family anxiety. The clinician

performed this test twice: before and after the family
received the genetic results, positive or negative.

Statistical analysis

Categorical variables are presented as percentages, and
continuous variables as mean =+ standard deviation (SD) or
median and interquartile range for variables with a non-nor-
mal distribution. Phenomizer was used to identify candidate
diseases based on the clinical characteristics of each patient.
p-values were estimated by Monte Carlo random sampling
and corrected for multiple testing using the Benjamini and
Hochberg method. A p-value <0.05 was considered statisti-
cally significant. Mean HAM-A test scores were compared
using the non-parametric Mann—Whitney test.

Results
WES results

During the study period (July 2021 to June 2023), a total
of approximately 3125 NICU admissions occurred across
the four participating tertiary hospitals. Among these, 55
newborns were admitted with suspected genetic condi-
tions: 664 at Santiago Clinical University Hospital, 846 at
Miguel Servet Clinical University Hospital, 832 at Malaga
Regional Hospital, and 783 at Centro Hospitalar do Porto.
Twelve patients were diagnosed prenatally or at birth and
were therefore excluded. In six cases, parental genetic test-
ing was not available, and in three, informed consent was
not obtained. The final cohort comprised 34 newborns who
underwent rWES (Online Resource 1), with a median enrol-
ment age of 4 days.

Implementation of tWES allowed rapid molecular
diagnosis, with a mean time to diagnosis of 8.57 days
+2.62 SD in 14 patients, as well as early and appropri-
ate clinical action and initiation of therapeutic support.
Characteristics and genetic findings of patients with
a confirmed diagnosis through rWES are presented in
Table 1. This table provides comprehensive data, includ-
ing identified genes, specific variants, inheritance pat-
terns, and associated phenotypes. A diagnostic rate of
41% was achieved, identifying neurodevelopmental,
metabolic, and syndromic disorders (Fig. 1). Neurode-
velopmental disorders included familial benign neonatal
epilepsy (OMIM#121200), developmental and epileptic
encephalopathy 68 (OMIM#618367), and spastic para-
plegia 91 (OMIM#616670), with two patients diagnosed
with familial benign neonatal epilepsy (OMIM#121200).
Metabolic disorders comprised Niemann-Pick type C dis-
ease (OMIM#257220), Wolman disease (OMIM#278000),
sulfite oxidase deficiency (OMIM#272300), transient
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Fig. 1 Percentage of patients N=9
diagnosed according to type of 100 |
disorder. Chart depicts the pro-

portions of each genetic disor-

der type in the study population, 80
and the proportion of neonates
within each category for whom
a diagnosis was established
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infantile liver failure (OMIM#613070), and combined
oxidative phosphorylation deficiency 3 (OMIM#610505).
Syndromic disorders included CHARGE syndrome
(OMIM#214800), Kabuki syndrome 1 (OMIM#147920),
MIRAGE syndrome (OMIM#617053), Waardenburg syn-
drome (OMIM#193500), and polycystic kidney disease
4 (OMIM#263200). Phenomizer analysis provided a dif-
ferential diagnosis with p < 0.05 in five patients and p =
0.05 in three. In two cases, the p-value was unavailable as
the suspected disease was not in the Phenomizer database.

In patients 15 and 16, the initial rWES analysis was
negative. However, given their parents’ interest in future
pregnancies, further molecular studies were conducted
externally, leading to a confirmed genetic diagnosis.
Patient 15 was found to carry a homozygous intronic
variant classified as a variant of uncertain significance
(VUS). While not located within a canonical splice site,
intronic positions near exons can affect splicing regula-
tory elements, making experimental validation necessary
to determine its impact. In patient 16, a likely pathogenic
missense variant was identified along with a deletion of
exons 8 and 9. Both variants were in NARS2, associated
with combined oxidative phosphorylation deficiency
(OMIM#616239). Tragically, both patients passed away
within the first months of life.

In 12 of 14 diagnosed newborns (86%), rWES led to
management changes within three months. Medication was
adjusted in 8 cases (57%), including 2 (14%) with targeted
treatments. Intensive care was withdrawn for 6 patients
(43%), initiating palliative care. Eight (57%) received new
subspecialty care, and all families received prompt genetic
counseling.
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Metabolic disorders Cardiopulmonary

disorders

Syndromic disorders

No genetic diagnosis
B Genetic diagnosis

Transcriptomic analysis

rWES failed to diagnose 18 of 34 neonates. Paxgene samples
were unavailable for 2 cases, so RNA-seq was performed
on the remaining 16 UND patients. Gene expression differ-
ences in 2 cases raised the diagnostic rate to 47%. UND_5
(26 days) had axial hypotonia, bilateral clubfoot, and hand
rotation with abduction since birth. The patient required res-
piratory support until day 15 and had poor sucking reflexes.
RNA-seq found no variants or aberrant splicing but detected
DST gene expression changes linked to hereditary sensory
neuropathy type VI (OMIM #614653). In UND_6 (15 days),
with mild xanthinuria, low uric acid, and hyperglycinuria,
RNA-seq revealed XDH expression changes associated with
xanthinuria type I (OMIM #278300) (Fig. 2). All libraries
had an average size of 300 bp.

The diagnostic rate using rWES was 41%, with an addi-
tional 6% of cases successfully diagnosed after the initial
rWES analysis and a further 6% identified by RNA-seq, for
a total diagnostic rate of 53% (Table 2).

Economic impact assessment

Table 3 shows the results of the cost-effectiveness analy-
sis of rWES as a diagnostic tool, comparing the cost of
implementation with the estimated costs associated with
delayed diagnosis. To understand these results, we must
compare them with the available thresholds. Thus, we
applied the thresholds proposed by Pinto Prades [24], who
established a rWES cost range of — €9000 to €42,000. As
shown in Table 3, the cost of rWES was effective in all
cases when we analyzed attending costs and beneficial
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Fig. 2 Differential gene expression as determined by RNA-seq analy-
sis. Gene expression rate for DST (Fig. 3a) and XFH genes (Fig. 3b).
Black arrow highlights the two possible diagnoses in patients UND_5
and UND_6

unit prices (ICER value <the proposed comparison of
€9000). Then, we calculated cost-effectiveness according
to the probability of mortality. Online Resource 2 shows
the results for cost-effectiveness measured as the proba-
bility of mortality in early versus late diagnosis scenarios.
We use the same comparator as described by Pinto Prades
[26] and an established rate of €42,000. The results show
that achieving an early diagnosis by WES is cost-effective
for all disorders detected in our cohort, except for familial
benign neonatal epilepsy.

Psychological assessment

Parental anxiety, measured using the HAM-A scale,
decreased by 30% after receiving a definitive diagnosis,
but increased by 15% in cases without a diagnosis (p <
0.05) (Fig. 3). Families with a confirmed result expressed
relief from uncertainty and greater emotional stability,
while those without a diagnosis reported increased dis-
tress due to the lack of answers. These results highlight
the emotional value of achieving a genetic diagnosis and
the need for psychological support when no clear outcome
is reached.

Discussion

WES is a powerful diagnostic tool for NICU neonates,
with rWES delivering results in days, allowing timely
interventions and informed care decisions, including com-
fort-focused care when treatment is limited. The diagnostic
efficacy of WES and WGS in critically ill infants has been
described in previous studies, with reported rates of 31%
(WGS) [27], 41-47% (WES) [28, 29], and 35-37% (rWES)
[11, 30]. D’Gama et al. applied rWES in the NICU as part
of a pilot research study and reported a diagnostic yield
of approximately 35% with a time to diagnosis of 13-20
days in a cohort of critically ill infants [30]. Adhikari et al.
reported that WES had a sensitivity of 88% and a specific-
ity of 98.4%, compared to 99% and 99.8% for biochemical
screening [31]. The authors concluded that while WES is
valuable, it may not be suitable as a stand-alone primary
test for certain conditions, but can effectively reduce false
positives when used as a second-line test. Kingsmore et al.
reported a mean diagnostic yield of approximately 37%
with a mean TAT of 11 days, based on a combination of
44 studies of children in ICUs with diseases of unknown
etiology [11]. All the studies highlight the effective-
ness of rWES in providing timely and accurate diagno-
ses in urgent clinical scenarios. In our study, a definitive
molecular diagnosis was established rapidly (mean, 8.5
[range: 7-10] days) compared to previous studies, with an
rWES diagnostic rate of 41%, demonstrating the effective-
ness, robustness, and clinical relevance of our diagnostic
approach. Moreover, we showed that RNA-seq comple-
ments rWES by identifying gene expression anomalies,
such as aberrant splicing or expression, that may not be
captured by WES alone. The application of RNA-seq in
our cohort increased our global diagnostic rate by a further
6%. These findings underscore the importance of rapid
diagnostic techniques in enhancing clinical care for neo-
nates with genetic disorders.

The ability of rWES to provide rapid and comprehen-
sive genetic insights is crucial for the clinical manage-
ment. Early and accurate diagnosis can significantly influ-
ence treatment decisions, allowing for tailored therapeutic
interventions that can improve patient outcomes. Stark
et al. emphasized the role of rWES in facilitating precision
medicine approaches by identifying actionable genetic var-
iants that guide specific treatments [29]. Early targeted
therapy can determine prognosis, preventing inappropri-
ate treatments and guiding decisions in critical cases. One
patient in our study was diagnosed with Wolman disease,
arare lysosomal disorder. Previously, hematopoietic stem
cell transplantation (HSCT) was the only treatment, but
its complexity and risks often led to post-transplant liver
failure and death [32]. Advances in diagnostics now enable
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Table 3 Cost-effectiveness

. . Disorder ICER A (€) ICER B (€)
analysis: cost of using rWES
jana die(lignostic tool _verzus Fh}f Niemman-Pick type C 1488.01 12,549.85
inferred costs associated witl
delayed diagnosis (ICER A) and CHARGE syndrome 3720.02 35,428.77
described cases in which the Combined oxidative phosphorylation deficiency 3 1488.01 10,054.11
health cost is effective when we Waardenburg syndrome, type 2E, with or without neurologic involvement 744.00 -
analyze attending the costs and MIRAGE syndrome — 7440.04 -
beneficial unit prices (ICER B) Sulfite oxidase deficiency 1860.01 -
Transient infantile liver failure — 3720.02 22,044.57
Wolman disease 1860.01 12,400.07
Polycystic kidney disease 4 with or without polycystic liver disease - 676.37 21,257.26
Seizures, benign neonatal, 1 — 1488.01 46,500.26
Developmental and epileptic encephalopathy 5 — 7440.04 -
Developmental epileptic encephalopathy 68 — 1240.01 -
Kabuki syndrome 1860.01 -
ICER, incremental cost-effectiveness ratio
Fig.3 Impact of genetic G gy e s g o S S ) | o, o
diagnosis on parental anxiety -
levels. Figure shows Hamilton - ® Pre
Anxiety Rating Scale (HAM- -
A) scores for the parents of 30 e sssgessessssss=sses ) ] Post
neonates in the study, compar- & ®
ing anxiety levels before (pre) 5
and after (post) the results of the 2 Ty I W SRR E— _- _____
genetic analysis were provided, < v
stratified according to test result = 1
(diagnosed or undiagnosed) %
e e e LR e - --
0 T
Diagnosed Undiagnosed

earlier detection and the adoption of new therapies, such as
Sebelipase alfa, which has replaced HSCT as a life-saving
alternative [33]. Our Wolman patient, now 3 years old,
receives weekly Sebelipase alfa and follows a low-lipid
diet, leading a normal life [34]. This case highlights the
impact of early therapy on prognosis and quality of life. In
cases without optimal treatments, decisions should prior-
itize patient well-being and caregiver support. One patient
was diagnosed with combined oxidative phosphorylation
deficiency 3 (OMIM#610505), a rare mitochondrial dis-
order with variable expression, lactic acidosis, hypotonia,
rhabdomyolysis, seizures, and early progressive encepha-
lopathy, often leading to high mortality within months
[35]. Knowing the fatal prognosis allowed healthcare pro-
viders to prepare the family and initiate end-of-life care,
ensuring the patient’s well-being and dignity through fam-
ily involvement.

The implementation of rWES provided families with
crucial genetic counseling, reducing anxiety and supporting

informed decision-making. Prior studies highlight that
rapid genetic diagnoses alleviate parental distress by clari-
fying prognosis and guiding medical decisions [27, 36].
Clark et al. [27] reported that early molecular diagnoses
help parents understand and manage their child’s illness,
while genetic counseling mitigates uncertainty. Consist-
ent with this, our study found high pre-test HAM-A anxi-
ety scores, which significantly decreased in parents who
received a diagnosis, reinforcing previous findings on the
psychological benefits of genetic testing. In contrast, undi-
agnosed cases showed increased anxiety, underscoring the
emotional burden of uncertainty. Receiving a clear diagnosis
reduces parental anxiety, demonstrating the dual clinical and
emotional benefits of genetic testing [36]. These findings
emphasize the need for additional psychological support and
genetic counseling when a diagnosis is not established.
The present study is the first to evaluate the economic
impact on the Spanish National Health System of using this
strategy in patients admitted to the NICU. The ability of
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rWES to streamline the diagnostic process and reduce the
need for multiple sequential tests may lead to overall cost
savings for healthcare systems. Our results show that the use
of rWES to achieve early diagnosis is cost-effective for all
conditions detected in our cohort except familial benign neo-
natal epilepsy. rWES demonstrated high cost-effectiveness
not only in reducing unnecessary diagnostic tests but also
in shortening hospital stays. Sanford Kobayashi et al. also
found that rWES reduced the length of hospital stay and
avoided unnecessary diagnostic tests and procedures, and
attributed the savings mainly to early and accurate diagnosis,
which allowed for targeted treatments and interventions [37].

There are certain limitations associated with the use of
rWES in the NICU related to the interpretation of vari-
ants of uncertain significance (VUS) and the possibility of
misdiagnosis due to technical limitations or sample quality
issues. CNV detection in rWES with a limited sample size is
challenging due to the reliance on depth-of-coverage analy-
sis, which requires a robust reference set for normalization.
This reduces statistical power, making it difficult to distin-
guish true CN'Vs from sequencing variability. Additionally,
rWES prioritizes speed over deep coverage, in order to get
a faster diagnosis in most of the cases, although, with fur-
ther limiting CNV resolution. In this sense, CNVs could not
be detected in our cohort. However, as often occurs with
negative results, further molecular investigations took place,
and patients 15 and 16 raised positive diagnostic results.
In patient 16 the deletion including exons 8 and 9 of the
NARS2 gene could not be detected and in patient 15 the
homozygous intronic variant was not filtered out during
rWES variant calling due to poor sample quality, which was
subsequently confirmed as a false negative.

In summary, our findings demonstrate the clinical, social,
and economic impact of trio rWES with transcriptome anal-
ysis in NICUs, enabling rapid and accurate genetic diagno-
ses. This tool improves patient management, reduces hospi-
tal stays and costs, and offers crucial psychological support
for families. Economic analysis highlights its sustainability
and benefits for healthcare planning. The progressive incor-
poration of effective and sustainable innovations in NICUs
should be supported by comprehensive, long-term studies,
and further research is needed.
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