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To the Editor: Genetic diseases contribute to 35% of
deaths during the first year of life and are a significant cause
of intensive care.[1] A previous study based on the China
Neonatal Genomes Project investigated the genetic causes
of early infant deaths and found that >25% of deceased
neonates with genetic diagnoses can be cured if diagnosed
in time.[2] Therefore, it is crucial to target and diagnose
neonates with genetic diseases as early as possible.
According to our experience, the typical phenotypes, such
as special facial features or multiple congenital anomalies
(MCAs), indicate a high risk of genetic disease and lead
physicians to perform genetic testing in neonates as early
as possible. However, in practice, infants without typical
phenotypes typically undergo a long and costly diagnostic
process before genetic diagnoses are confirmed. Moreover,
a recent survey by the American College of Medical
Genetics and Genomics (ACMG) and other national
professional organizations indicated that there are insuffi-
cient numbers of qualified geneticists to fulfil genetic
service needs.[3] The ACMG published the general clinical
features for genetic testing indications. For example,
patients with phenotypes or family history data that
strongly implicate a genetic cause may undergo genetic
testing.[1] However, the study indicated that many genetic
conditions arise de novo or are inherited with no family
history.[1] A previous study attempted to apply the non-
phenotype-driven panel approach in neonates admitted to
the neonate intensive care unit (NICU).[4] However, at
present, the diagnostic yield is only 3.45% (1/29).[4] In
addition, the economic and ethical issues associated with
genomic screening remain challenging. Therefore, the
available indications for genetic testing may improve the
management of genetic diseases.
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The electronic medical record (EMR) contains a massive
amount of data representing the diversity of the patients’
clinical information. The EMR data are critical for
research on genetic diseases, and several phenotyp-
ing pipelines have already been validated to extract
clinical features from it.[5] However, to our knowledge,
clinical findings are variable and documented based on
the physician’s experience and training. Moreover, the
massive expressions of clinical findings hamper the
analysis of character phenotypes in genetic diseases.
Accordingly, we used Human Phenotype Ontology
(HPO)which can normalize expressions of clinical findings
and provide the most comprehensive resource for
computational phenotyping. We developed an Auto-
Neo-HPO pipeline and investigated the risk phenotypes
suggestive of genetic diagnoses inNICU population via this
pipeline.

The study was approved by the Ethics Committee of the
Children’s Hospital of Fudan University (No. CHFuda-
nU_NNICU11). Informed consent for genetic testing was
provided by biological parents or guardians. The study
was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). The clinical trial registration
number was NCT02551081.

We conducted an observational study in a large tertiary
NICU in the Children’s Hospital of Fudan University. The
patients were enrolled from June 1, 2016 to June 30, 2020.
The inclusion criteria were as follows: (1) postnatal age of
<28 days; (2) infants aged above 35 weeks; (3) hospital
stay for at least 24 h; and (4) informed consent for genetic
testing provided by biological parents or guardians. The
exclusion criteria were as follows: (1) neonates withMCAs
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Figure 1: The risk phenotypes associated with genetic diagnoses. aOR: Adjusted odds
ratio; aP value: Adjusted P value; CI: Confidence interval; HP: Human phenotype; OR: Odds
ratio.
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defined as two or more structural malformations at
birth[6]; (2) missing or low-quality clinical information.

We targeted EMR data and clinical exome sequencing
data for all participants. We assessed the demographic
characteristics, gestational age, birthweight, clinical phe-
notypes at discharge, and outcomes at discharge. The risk
phenotype candidates were the HPO terms that were over-
represented (P< 0.05, odds ratio [OR]> 1) in infants with
genetic diagnoses compared with those in infants without
genetic diagnoses. We selected neonates with genetic
diagnoses as the case group. The control group included
neonates without genetic diagnoses. Genetic diagnoses,
sequencing data analysis, and pathogenic variant judgment
are described in Supplementary Material, http://links.lww.
com/CM9/A905. The detailed definitions of clinical
features of the infants are illustrated in Supplementary
Material, http://links.lww.com/CM9/A905.

A tool named Auto-Neo-HPO (Registration No. V1.0,
2018SR215790) was applied to assist in HPO term
extraction. Briefly, the core of Auto-Neo-HPO included
the local semantic database in both Chinese and English
versions (with information initially obtained from the
HPO and ChinaHPO databases) and a natural language
processing pipeline to transfer the non-database-matched
phrases into HPO terms. Two experienced geneticists and
two neonatologists revised the Auto-Neo-HPO output
HPO terms and updated the semantic database if required.
Next, several HPO terms were modified according to the
special consideration of phenotype conditions in neonates.
The performance of the Auto-Neo-HPO pipeline is
described in Supplementary Material, http://links.lww.
com/CM9/A905.

Descriptive statistics were used to establish the clinical
parameters of the study group. For continuous variables,
the median, maximum, and minimum values were
reported; for categorical variables, percentages were
reported. We only calculated the frequency of HPO terms
counted >10 times in the study and compared the
frequency of HPO terms between the group with genetic
diagnoses and the group without genetic diagnoses. The
P value was determined by Fisher’s exact test and adjusted
by multivariate logistic regression, and the significance
threshold was set at 0.05. The estimated ORs and 95%
profile likelihood confidence intervals (CIs) were reported.

The study population is illustrated in Supplementary
Figure 1, http://links.lww.com/CM9/A905. Demographic
information and clinical features are described in Supple-
mentary Table 1, http://links.lww.com/CM9/A905. A total
of 2600 neonates with a wide range of neonatal diseases
and genetic etiologies were enrolled, including 248
neonates (9.5%) with genetic diagnoses. Among the
2600 neonates, 1554 (59.8%) were male and 1046
(40.2%) were female. In total, 168 (6.5%) neonates died
in the hospital or received palliative care, including 33
(13.3%) neonates with genetic diagnoses and 135 (5.7%)
without genetic diagnoses.

Of 93 HPO terms counted>10 times in the study, 25 HPO
terms were documented in the group with genetic
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diagnoses. Abnormal heart morphology (human pheno-
type [HP]: 0001627; 49.2%, 1279/2600) was the most
common phenotype in an NICU population, followed by
jaundice (HP: 0000952; 47.3%, 1229/2600), and sepsis
(HP: 0100806; 42.3%, 1101/2600) [Supplementary
Table 2, http://links.lww.com/CM9/A905]. Compared
to HPO terms in neonates without genetic diagnoses,
muscular hypotonia (HP: 0001252; Padjust< 0.0001,
ORadjust: 3.41, 95% CI 1.63–6.80), seizure (HP:
0001298; Padjust< 0.0001, ORadjust: 2.47, 95% CI
1.73–3.50), and cryptorchidism (HP: 0000028; Pad-

just= 0.0233, ORadjust: 3.36, 95% CI 1.11–9.27) were the
high-risk phenotypes in neonates with genetic diagnoses,
whereas jaundice (Padjust< 0.0001, ORadjust: 0.57, 95%CI
0.47–0.77) and meningitis (adjust Padjust= 0.0153, ORadjust:
0.17, 95% CI 0.03–0.56) were low-risk phenotypes
in neonates with genetic diagnoses. The abnormality of
metabolism/homeostasis (HP: 0001939) was not significant-
ly different between neonates with genetic diagnoses and
thosewithout genetic diagnoses (P= 0.6100,OR: 0.90, 95%
CI 0.62–1.27) [Figure 1 and Supplementary Table 3, http://
links.lww.com/CM9/A905].

Genetic diagnosis is difficult. Many neonates with a high
risk of genetic diagnoses may not undergo proper
examination and effective treatments in a timely manner
in the non-tertiary NICU because of limited genetic
resources and physicians’ knowledge. In some cases,
neonates underwent ineffective treatments, which may
have had adverse effects or exacerbated symptoms before
they were transferred to the referred NICU. In practice,
physicians usually perform genetic testing in neonates with
MCAs or typical syndromes owing to the high clinical
suspicion of genetic diseases. However, in neonates
without typical clinical findings, it is difficult for physicians
to decide whether to perform genetic testing or determine
the type of genetic testing to be performed. To our
knowledge, we fully describe the clinical phenotypes
related to genetic diagnoses based on data science in an
NICU population, and our study suggested the three risk
phenotypes suspected of genetic diagnoses.

Our study suggested that 9.5% of neonates admitted to
NICU at our institution had genetic diagnoses. We
identified three high-risk phenotypes including muscular
hypotonia (HP: 0001252), seizure (HP: 0001298), and
cryptorchidism (HP: 0000028). Therefore, in addition to
structural malformations and special facial features, these
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three phenotypes could be considered as the clinical
indicators to perform further genetic testing. Among these
risk phenotypes, jaundice (HP: 0000952) should be
interpreted cautiously. Our study suggested that it was a
low-risk phenotype, indicating that the near-term infants
with jaundice may be at a low risk of genetic diagnoses.
However, the age of the onset time of jaundice was not
analyzed in our cohort. Infants with prolonged jaundice
may be related to liver disease. This condition is highly
suggestive of a genetic condition. On the other hand,
neonates with metabolic phenotypes are suspected to have
a genetic disease in practice. However, the abnormality
of metabolism/homeostasis (HP: 0001939) was not a
risk phenotype for genetic diagnoses in our study. Some
metabolic phenotypes, such as hyperinsulinemia (HP:
0000842), glutaric aciduria (HP: 0003150), lactic acidosis
(HP: 0003128), and hyperlipidemia (HP: 0003077) were
counted<10 times, and wemanually merged them into the
parental HPO. However, those phenotypes were strongly
associated with genetic diagnoses based on clinical
experience. Therefore, further study should be investigated
for these metabolic phenotypes in detail. Those infants
presenting the metabolic disorders had to be investigated
for the underlying etiologies based on the current clinical
experience.

Regarding the clinical terms mapped to the HPO terms, we
faced some issues. First, one clinical term could be translated
to the differentHPO terms via the Auto-Neo-HPOpipeline.
For example, there could be jaundice or neonatal hyper-
bilirubinemia documented in the EMR, and the Auto-Neo-
HPO pipeline could map them into different HPO terms,
such as jaundice (HP: 0000952), hyperbilirubinemia (HP:
0002904), neonatal hyperbilirubinemia (HP: 0003265),
yet, they were the same clinical feature. Therefore, we
merged these same or similar HPO terms to one HPO term
based on the suggestion of the experienced neonatologists.
Second, when the infants were admitted to NICU, there
could be ambiguous features. For example, some neonates
could have congenital heart diseases (CHD) found during
the fetal period, yet, the types of the CHD are usually not
definitive. Therefore, we merged all HPO terms related
to the different types of CHD but PDA in one HPO
term (Abnormal heart morphology [HP: 0001627]) in
our cohort. PDA is not considered to be a congenital
malformation if it is identified in the early neonatal period,
thereby, we analyzed the PDA independently. The merged
HPOtermswere described in SupplementaryTable 4, http://
links.lww.com/CM9/A905.

There are several limitations to our study that might have
led to bias. First, we only extracted the phenotypes from a
clinical context and HPO terms did not include a
description of the severity of the clinical findings. Further,
in-depth analyses of phenotypes, such as electroencepha-
lography, magnetic resonance imaging, and the severity of
the clinical features, may provide more accurate pheno-
typic information indicating the genetic disease. Second,
we analyzed the clinical findings using HPO terms;
however, not every clinical finding can be mapped to
HPO terms. Instead, we defined similar HPO terms or the
parental HPO terms based on the topological structure of
627
HPO. Thus, it may be more accurate to use clinical terms
and HPO terms together. Finally, we did not consider the
age of the onset time of every phenotype, this may be
important to physicians to make a decision.

In conclusion, with the Auto-New-HPO pipeline assis-
tance, we effectively and fully investigated the phenotypes
in term and near-term infants without MCAs or special
facial features admitted in a large NICU population. We
identified the common clinical features in an NICU
population based on a data science. Furthermore,
we identified that muscular hypotonia (HP: 0001252),
seizure (HP: 0001298), and cryptorchidism (HP:
0000028) were high-risk phenotypes suggestive of genetic
diagnoses. These risk phenotypes may be the indicators for
further genetic testing.
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