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Neonatal metabolic acidosis (NMA) is a common problem, particularly in critically ill

patients in neonatal intensive care units (NICUs). Complex etiologies and atypical clinical

signs make diagnosis difficult; thus, it is crucial to investigate the underlying causes

of NMA rapidly and provide disorder-specific therapies. Our study aims to provide

an overview of the genetic causes of NMA in patients from NICUs. We performed

next-generation sequencing (NGS) on neonates with NMA from January 2016 to

December 2019. Clinical features, genetic diagnoses, and their effects on clinical

interventions were collected for analysis. In the 354 enrolled patients, 131 (37%) received

genetic diagnoses; 95 (72.5%) of them were autosomal recessively inherited diseases.

Two hundred and fifteen variants spanning 57 genes were classified as pathogenic (P) or

likely pathogenic (LP) in 131 patients. The leading cause was metabolic disorders due to

35 genes found in 89 patients (68%). The other 42 NMA patients (32%) with 22 genes had

malformations and renal, neuromuscular, and immune-hematological disorders. Seven

genes (MMUT, MMACHC, CHD7, NPHS1, OTC, IVD, and PHOX2B) were noted in

more than four patients, accounting for 48.9% (64/131) of the identified P/LP variants.

Forty-six diagnosed patients with uncorrected NMA died or gave up. In conclusion, 37%

of neonates with metabolic acidosis had genetic disorders. Next-generation sequencing

should be considered when investigating the etiology of NMA in NICUs. Based on early

molecular diagnoses, valuable treatment options can be provided for some genetic

diseases to achieve better outcomes.
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INTRODUCTION

Neonatal metabolic acidosis (NMA) is the accumulation of
non-carbonic acid equivalents, which arises from excessive
production or inadequate excretion of hydrogen ions or from
an increased loss of bicarbonate (1). Neonatal metabolic acidosis
is associated with poor clinical outcomes (2). The clinical
features of NMA are atypical and are related to varying
degrees of primary disease. The causes of NMA are complicated
and varied, including birth asphyxia, cold stress, hypovolemia,
sepsis, congenital heart disease, renal disease, and inborn errors
of metabolism (1). Evaluation of detailed history, physical
examination, and basic laboratory tests were insufficient to
determine the cause. Administration of a fluid bolus or sodium
bicarbonate is the initial management for correcting metabolic
acidosis (3). These treatments do not deal with the cause
but only correct the pH (3–6). Although interventions have
been established in clinical practice, the impact on long-term
neurological morbidity remains uncertain. With the increased
awareness of the association between genotype and diseases, it
has been found that infants with metabolic acidosis admitted to
neonatal intensive care units (NICUs) are more likely to have
genetic disorders. Thus, early genetic diagnosis is essential for
neonates with NMA.

In recent years, next-generation sequencing (NGS)
technology has been increasingly applied in clinical practice
as a genetic diagnostic tool. Next-generation sequencing,
especially exome sequencing and whole-genome sequencing,
has shown advantages in facilitating an accurate diagnosis that
is difficult to confirm using clinical or laboratory criteria for
patients with disorders in the NICU (7, 8). Recent studies have
reported enabling rapid sequencing at reduced costs and better
performance in critically ill neonates (9, 10).

In this study, we analyzed the clinical medical records and
genetic testing results of patients with NMA and summarized
the clinical features, genetic diagnoses, and their effect on clinical
intervention. Our study aims to provide a better understanding
of the genetic causes of NMA that translate to more accurate
management and better prognosis.

MATERIALS AND METHODS

Study Design and Participants
This was a retrospective cohort study conducted at the Clinical
Genetics Laboratory of the Children’s Hospital of Fudan
University. Patients in NICUs were recruited retrospectively
between January 1, 2016, and December 31, 2019. The inclusion
criteria were as follows: (1) diagnosis of NMA based on arterial
blood gas, pH < 7.3, BE < −10 mmol/L, and PaCO2 35–
45 mmHg; and (2) an order for NGS. Notably, patients with
NMA who did not undergo NGS were excluded. In addition,
patients were excluded if they were genetically diagnosed before
enrollment. The clinical features of each patient were ascertained
comprehensively by a physician in addition to a thorough
review of their medical records. The clinical data included sex,
major clinical features, and outcomes of metabolic acidosis. Pre-
test counseling was performed by physicians. This study was

approved by the Medical Ethics Committee of the Children’s
Hospital of Fudan University (2015-130). Informed consent was
obtained from the patients’ parents or guardians.

Next-Generation Sequencing
Peripheral blood was collected, and genomic DNA was extracted
using the TIANGEN DNA Blood Mini Kit according to the
manufacturer’s protocol. Sequences were generated using the
Agilent ClearSeq Inherited Disease panel kit (including 2,742
genes) for clinical exome sequencing or the Agilent SureSelect
XT Human All Exon V5 kit for exome sequencing. Next-
generation sequencing was performed using the Illumina HiSeq
X10 platform. The average on-target sequencing depth was
×200 for the clinical exome sequencing and ×120 for exome
sequencing. Sequencing reads were mapped to the reference
human genome (UCSC hg19) using the Burrows–Wheeler
Aligner. A phenotype-scoring algorithm named PhenoPro was
used for the variant filtering process (11). The detected variants
were confirmed using PCR, and PCR-amplified DNA products
were subjected to direct automated sequencing (3500XL Genetic
Analyzer, Applied Biosystems) according to the manufacturer’s
specifications. De novo variants were detected by parental
confirmation using Sanger sequencing. The pathogenicity of the
variant was defined based on the American College of Medical
Genetics and Genomics criteria (12). Detailed methods can be
found in our previous studies (13, 14).

Statistical Analysis
Frequency count and proportions were used for categorical
data. Data were analyzed using Pearson’s χ

2 independence test.
Statistical significance was set at a p-value <0.05. All statistical
analyses were conducted using IBM SPSS version 20 (IBM Corp.,
Armonk, NY, USA).

RESULTS

Demographics of Clinical Features
From January 1, 2016, to December 31, 2019, 733 patients
were clinically diagnosed with metabolic acidosis in NICUs.
Three cases had genetic diagnoses, 38 neonates did not undergo
NGS because their parents declined, and 338 patients did
not undergo NGS for other reasons. Finally, 354 (48.3%)
neonates with NGS were enrolled and classified as diagnosed and
undiagnosed according to the genetic findings of our analysis
(Figure 1). Of the enrolled patients, 186 (52.5%) were males
and 168 (47.5%) were females. The major clinical manifestations
(one patient may have more than one clinical feature)
were neuromuscular dysfunction (49.2%), cardiopulmonary
dysfunction (37.3%), hepatorenal disorder (17.2%), infection
(13.6%), and malformation (12.1%) (Table 1).

Genetic Diagnosis
Of these 354 neonates, 131 (37%) received genetic diagnoses
through NGS, while the remaining did not (n = 223, 63%). The
malformation rate was higher in the diagnosed group (9.1%,
p = 0.002) than in the undiagnosed group (8.0%). However,
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FIGURE 1 | Flowchart of diagnosed patients by NGS.

TABLE 1 | Demographic features and phenotypes of NMA patients tested with

NGS.

Characteristics Total Diagnosed Undiagnosed p-value

N (%) N (%) N (%)

(Total = 354) (Total = 131) (Total = 223)

Sex 0.043

Male 186 (52.5) 78 (59.5) 108 (48.4)

Female 168 (47.5) 53 (40.5) 115 (51.6)

Major clinical features by

systems*

Neuromuscular

dysfunction

174 (49.2) 56 (42.7) 118 (52.9) 0.065

Cardiorespiratory

dysfunction

132 (37.3) 45 (34.3) 87 (39.0) 0.381

Hepatorenal disorder 61 (17.2) 22 (16.8) 39 (17.5) 0.867

Infection 48 (13.6) 20 (15.3) 28 (12.6) 0.472

Malformation 43 (12.1) 25 (19.1) 18 (8.1) 0.002

Outcomes of metabolic

acidosis

0.63

Been corrected 224 (63.3) 85 (64.9) 139 (62.3)

Uncorrected 130 (36.7) 46 (35.1) 84 (37.7)

Overall outcomes

Improved 149 (42.1) 40 (30.5) 109 (48.9) 0.001

Gave up medical

support

55 (15.5) 29 (22.1) 26 (11.7) 0.009

Died with diseases 52 (14.7) 20 (15.3) 32 (14.3) 0.814

*One patient may have more than one clinical feature. p-values are obtained from

a χ
2-test.

there were no other significantly different major clinical features
between the diagnosed and undiagnosed groups (Table 1).

In 131 patients with genetic diagnoses, 215 variants spanning
57 genes were classified as pathogenic (P) or likely pathogenic
(LP). These patients were diagnosed with a monogenetic
disorder, with 95 autosomal recessive cases, which included 80
compound heterozygous and 15 homozygous cases, 22 autosomal
dominants with eight cases identified as de novo, 12 X-link
recessive cases with hemizygote, and two X-link dominants with
heterozygous cases.

According to the 57 phenotype–genotype-related diagnoses,
diseases were classified into six categories: metabolic, renal,
neuromuscular, and immune-hematological disorders;
malformation; and others. Metabolic disorder was the most
common disease found in 89 (67.9%) patients, followed by
malformation in 22 (16.8%) patients. Renal, neuromuscular, and
immune-hematological disorders were detected in nine (6.9%),
six (4.6%), and three (2.3%) patients, respectively. Two other
genes were detected in two patients (Figure 2). Seven genes
with P/LP variants identified in more than four patients were
MMUT, MMACHC, CHD7, NPHS1, OTC, IVD, and PHOX2B,
accounting for 48.9% (64/131) of the patients in our cohort
(Figure 3).

Of the metabolic disorders, 35 genes were classified into
eight subgroups: amino acids, organic acids, sugar, fatty acids,
carnitine, urea cycle, vitamin, and mitochondria disorders.
Eleven genes were responsible for organic acid disorders,
covering 53.9% (48/89) of the metabolic disorder cases. Four
genes (OTC, ASL, CPS1, and ASS1) were responsible for urea
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FIGURE 2 | Diagnosed gene distribution according to the disease. Fifty-seven genes are displayed by classification. Thirty-five genes related to metabolic disorder

were classified into eight subgroups: organic acid, amino acid, fat acid, urea cycle, sugar, vitamin, carnitine, and mitochondria disorder.

cycle disorders, accounting for 14.6% (13/89). Fatty acid, amino
acid, and carnitine disorders were detected in eight (9%), eight
(9%), and five (5.6%) patients, respectively. Sugar and vitamin
disorders were found in three (3.3%) patients. Mitochondria
disorders were found in a patient (1.1%) (Figure 2).

Clinical Intervention and Outcomes
Metabolic acidosis was clinically corrected in 224 (63.3%)
patients. However, metabolic acidosis was not corrected
in 130 (36.7%) patients, including 46 diagnosed and 84
undiagnosed neonates. In the improved outcome cases, the rate
of improvement was higher in the undiagnosed group (48.9%)
than in the diagnosed group (30.5%) (p < 0.01). In contrast, the
rate of patients who gave up medical support was higher in the
diagnosed group (22.1 vs. 11.6%, p < 0.01) (Table 1). In the 131
diagnosed cases, 46 neonates with uncorrected NMAs all died or
gave up. However, only three cases gave up, and no case died in
the 85 neonates with corrected NMAs (Figure 1).

Of the 52 deaths in this study, 38.5% (20/52) received a
genetic diagnosis (Table 1). Of these, 5 (25%) were diagnosed
postmortem because their symptoms developed and progressed
rapidly, resulting in mortality 24 h after admission. Through

genetic diagnosis, accurate diagnoses can explain the deaths.OTC
was the cause of death due to hyperammonemia in case NMA011
and encephalopathy and sepsis in case NMA047. Case NMA069,
who carried two missense variants in ACADVL, died from
cardiopulmonary arrest. Case NMA002 with encephalopathy and
multiple organ failure was identified as a missense variant of GSS.

In addition, 40 patients with genetic diagnoses may receive
precise treatment options. Similar to case NMA074, a 28-day-
old male patient presented with poor feeding and lethargy. He
was diagnosed with distal renal tubular acidosis after genetic
identification with compound heterozygous variants in the
ATP6V0A4 gene. If the baby was not treated accurately and
was followed up regularly, he would have developed severe
complications, which would affect growth and development.
Case NMA036, who was a 27-day-old male infant with lethargy
and poor weight gain, was admitted to NICU. Blood tandem
mass spectrometry showed increased tyrosine level, and the
rest of the routine tests were highly suspicious for infection.
Finally, methylmalonic acidemia (MMA) and homocystinuria,
cblC type, were diagnosed based on genetic findings. The infant
had improved upon targeted management. NMA003 was an 8-
day-old baby boy who presented with vomiting, hypoglycemia,
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FIGURE 3 | Distribution of genes detected in more than four patients. Six genes were classified into four groups based on diseases. X-axis presents blood gas test

time. Patients with missense variant are denoted by square, and deleterious variants are denoted by a triangle. Death is denoted by a solid black square or triangle.

and seizures. A high level of tyrosine was found in blood mass
spectrometry, and tyrosine metabolism disorder was more likely
to be diagnosed. However, a hemizygote variation (G71E) was
detected in the OTC gene by NGS and was classified as LP. The
baby was diagnosed with ornithine transcarbamylase deficiency
(OTCD, MIM 311250) based on genetic findings. The patient
survived on a new effective treatment option. Case NMA111,
who was a 20-day-old female infant with hepatic dysfunction
and suspected sepsis, had compound heterozygous variants in
the gene ALDOB. The patient was diagnosed with hereditary
fructose intolerance (HFI, MIM 229600). The disease generally
develops after feeding in the neonatal period. Severity is related
to the amount and duration of fructose consumption. The
baby was treated immediately with a fructose intake-controlled
diet, which can prevent life-threatening complications and avoid
invasive procedures such as liver biopsy. The baby can grow into
adulthood on a well-controlled diet.

DISCUSSION

In our study, 131 of 354 (37%) neonates with metabolic acidosis
received a genetic diagnosis. In total, 57 genes were responsible
for a wide range of diseases, from seemingly healthy infants to

critically ill patients. Different degrees of primary disease lead to
varied and atypical clinical presentations. Complex etiologies and
non-specific clinical signs made diagnosis more difficult.

The leading cause of NMA was metabolic disorders, which
involved 35 genes, covering 68% of genetically diagnosed
patients. Only 38 (38/89, 42.9%) patients had clinical diagnoses
before receiving genetic diagnoses. Organic acid disorder is the
major cause of metabolic acidosis. The top two genes, MMUT
and MMACHC, resulted in MMA that was related to organic
acid disorder. A total of 24 (24/32, 75%) MMA patients were
diagnosed with MMA using mass spectrometric tests before
NGS. Next-generation sequencing can help confirm diagnoses
and determine the subtype of organic acid disorder. Phenotype–
genotype correlations may predict disease severity depending on
mRNA stability and protein residual function (15). Variations
in MMUT were identified as MMUT(0) phenotypes, indicating
no detectable enzymatic activity (16). Variations in MMACHC
have been detected as MMA and homocystinuria, cblC type (15).
Patients who are compound heterozygotes for a missense allele
appear to have a milder phenotype (15). Variation analysis was
associated with responses to vitamin B12. Generally, the cblC
type is almost entirely vitamin B12 responsive, the MMUT(0)
type is vitamin B12 unresponsive, and other types are partly
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responsive to vitamin B12 (17). IVD variations were found
in four patients; three of them were diagnosed with isovaleric
acidemia by mass spectrometric tests before NGS. Genetic
findings confirmed the diagnoses and treatment. OTC variation
results in OTCD, which accounts for approximately half of the
urea cycle defects (18). As our data presented, OTC variations
were detected in eight patients. Three of these patients were
diagnosed with urea cycle defects by mass spectrometric tests
before NGS. Genetic findings may help physicians understand
the progress of OTCD. Six patients with missense variants that
can reduce OTC enzymatic activity or stability survived OTCD
(18). Patient NMA047 died 24 h after admission. He was found
to carry a splicing variant, affecting mRNA processing and
decreasing OTC enzyme levels (18).

Interestingly, in 42 diagnosed patients (42/131, 32%),
NMA was caused by malformation and renal, neuromuscular,
and immune-hematological disorders, and not by metabolic
disorders. P/LP variations in NPHS1, which encodes nephrin,
were detected in seven patients with massive proteinuria, edema,
infection, and poor feeding or respiratory distress. NPHS1 is the
main underlying cause of congenital nephritic syndrome, which
is associated with high morbidity and mortality (19). Genetic
diagnosis provides precise information on treatment and benefits
patient outcomes. Pathogenic variants of CHD7 were detected
in nine neonates with infection, feeding difficulty, respiratory
distress, and one or more malformations, which led to severe
metabolic acidosis. These patients should be treated as if they are
diagnosed with CHARGE syndrome (20). However, physicians
will not give the diagnosis of CHARGE syndromewithout genetic
basis because criteria that focus on typical clinical phenotypes
may exclude patients with a mild phenotype in the neonatal
period. It has been proposed that pathogenic CHD7 variant
status is now a major criterion in CHARGE syndrome diagnoses
(21). In four patients with recurrent apnea, infection, hypoxemia,
and pathogenic variants, PHOX2B was identified. Genetic tests
help physicians and families find the cause of diseases and help
predict progress thereafter (22). Our study showed that mass
spectrometric tests were insufficient for investigating the etiology
of NMA, as opposed to NGS.

Based on early molecular diagnoses, valuable treatment
options can be provided for some genetic diseases, and patients
can survive or achieve better outcomes. For case NMA074,
genetic diagnosis (distal renal tubular acidosis) was performed
before the appearance of severe complications. With earlier
adequate metabolic control, the infant can experience better
growth and kidney function (23). Case NMA003, an 8-day-old
male infant with abnormal mass spectrometric tests, was highly
suspected to have metabolic disorder. OTCD was confirmed
by genetic testing and appropriately treated. Case NMA036, a
27-day-old infant, underwent many blood tests and invasive
procedures. The infant did not improve on anti-infection
treatment but did improve with targeted treatment of MMA,
which was diagnosed by NGS. For case NMA111, the female
infant only developed clinical symptoms when she was exposed
to fructose as a monosaccharide, sucrose, or sorbitol (24). The
patient recovered after a fructose-controlled diet, and liver
biopsy was no longer necessary. These are the most desirable

results for physicians and families and help push research into
new therapies.

Although there was no difference between diagnosed and
undiagnosed patients, if we compare the outcomes of NMA,
the genetic test can effectively identify the etiology of the
disease, and these precise diagnoses enable physicians and
families to understand the cause of disease and the unavoidable
poor clinical outcomes (25). Genetic counseling for families
provided detailed progress, helped parents identify family
carriers, and facilitated better planning of reproductive choices
based on the risk of familial recurrence (26). The families in
our study may benefit from previous genetic diagnoses and
genetic counseling.

Based on our analysis, early genetic diagnosis is essential
for neonates with NMA. We proposed that NGS be performed
as early as possible when patients suffer from uncorrected
metabolic acidosis and combine with one of the following
items: (1) abnormal blood mass spectrometry or other
abnormal biochemical markers such as blood ammonia
or blood lactic acid; and (2) NMA neonates accompanied
with malformation. For other NMA neonates, we suggest
that NGS tests such as clinical exome sequencing should be
ordered when physicians think that the NMA is a genetic
factor involved.

This study had two limitations that should be addressed.
First, although we designed to test all NMA patients in the
NICU, we had 338 cases that did not undergo NGS for different
reasons. Second, as a multicenter study, follow-up information
was limited, and the outcomes of some patients were missed.

CONCLUSION

In our study, we found that metabolic acidosis in approximately
37% of neonates in NICU was caused by genetic disorders. Next-
generation sequencing should be considered when investigating
the etiology of NMA. Based on early molecular diagnoses,
valuable treatment options can be provided for some genetic
diseases to achieve better outcomes.
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