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Abstract
Background  Coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is an emerging disease. The consequences of SARS-CoV-2 exposure in infants remain unknown. Therefore, this 
study aims to investigate whether neonates born to mothers with COVID-19 have adverse brain development.
Methods  This multicenter observational study was conducted at two designated maternal and children’s hospitals in Hubei 
Province, mainland China from February 1, 2020 to May 15, 2020. Neonates born to mothers with COVID-19 were enrolled. 
Brain magnetic resonance imaging (MRI) findings, and volumes of grey and white matters, and physical growth parameters 
were observed at 44 weeks corrected gestational age.
Results  Of 72 neonates born to mothers with COVID-19, 8 (11%) were diagnosed with COVID-19, 8 (11%) were criti-
cally ill, and no deaths were reported. Among the eight neonates that underwent brain MRI at corrected gestational age of 
44 weeks, five neonates were diagnosed with COVID-19. Among these five neonates, three presented abnormal MRI findings 
including abnormal signal in white matter and delayed myelination in newborn 2, delayed myelination and brain dysplasia in 
newborn 3, and abnormal signal in the bilateral periventricular in newborn 5. The other three neonates without COVID-19 
presented no significantly changes of brain MRI findings and the volumes of grey matter and white matter compared to those 
of healthy newborns at the equivalent age (P > 0.05). Physical growth parameters for weight, length, and head circumference 
at gestational age of 44 weeks were all above the 3rd percentile for all neonates.
Conclusions  Some of the neonates born to mothers with COVID-19 had abnormal brain MRI findings but these neonates 
did not appear to have poor physical growth. These findings may provide the information on the follow-up schedule on the 
neonates exposed to SARS-CoV-2, but further study is required to evaluate the association between the abnormal MRI find-
ings and the exposure to SARS-CoV-2.
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Introduction

In December 2019, an outbreak of the coronavirus disease 
2019 (COVID-19) caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was declared. Pregnant 
women and neonates are vulnerable to this virus because it 
is highly contagious [1–5]. To date, few neonatal COVID-
19 cases have been reported [1, 6]. Thirty-three neonates 
born to mothers with COVID-19 in our present cohort were 
reported in a previous study, in which the majority of those 
exposed to SARS-CoV-2 were mildly symptomatic and 
had favorable outcomes during hospitalization [1]. How-
ever, epidemiological and clinical data remain limited, even 
as the large number of cases of COVID-19 continues to 
rise. In addition, cases of neurological complications have 
emerged in patients with coronaviruses [7–9]. A study by 
Helms and colleagues described neurological features in 
58 adults admitted to hospital due to COVID-19, indicating 
that encephalopathy and ischemic strokes observed in brain 
magnetic resonance imaging (MRI) may have been due to 
critical illness or specific to SARS-CoV-2 infection [10]. 
Currently, rare neurological dysfunction has been noted in 
neonates with COVID-19. However, congenital infection or 
prenatal virus exposure, such as to Zika virus, appear to be 
associated with an increased risk of long-term neurologic 
sequelae [11]. Francis et al. suggested that prenatal infection 
or inflammation can be associated with poor motor develop-
ment [12]. To our knowledge, there are no published studies 
reporting longitudinal neurologic assessments of neonates 
after COVID-19. Therefore, our primary objectives were (1) 
to identify whether abnormal brain MRI findings were evi-
dent in SARS-CoV-2-exposed neonates at a corrected gesta-
tional age of 44 weeks; (2) to identify whether the volumes 
of gray and white matter in the brain are changed in SARS-
CoV-2-exposed neonates at a corrected gestational age of 
44 weeks; and (3) to investigate the physical growth devel-
opment of SARS-CoV-2-exposed neonates at a corrected 
gestational age of 44 weeks. We present the following arti-
cle in accordance with the Strengthening the Reporting of 
Observational Studies in Epidemiology reporting checklist.

Methods

Study design and setting

This was a multicenter observational study conducted at 
two children’s hospitals in Hubei Province, mainland China 
(Wuhan Children’s Hospital and Hubei Maternal and Child 
Health Hospital), from February 1, 2020 to May 15, 2020. 
Because SARS-CoV-2 is highly contagious to the general 
population, all suspected or confirmed patients are initially 

admitted to designated hospitals, including Wuhan Chil-
dren’s Hospital and Hubei Maternal and Child Health Hos-
pital. In the present study, we targeted follow-up exams for 
all participants at a corrected gestational age of 44 weeks, 
to be carried out at local hospital clinics. The study was 
approved by the local institutional ethics committee at each 
participating hospital and informed written consent was 
obtained from the guardians of all participating neonates 
before the study began.

Study population

The neonates born to mothers with COVID-19 were 
recruited from Wuhan Children’s Hospital and Hubei Mater-
nal and Child Health Hospital from February 1, 2020 to 
May 15, 2020. We excluded neonates with major anomalies 
defined according to the US Centers for Disease Control and 
Prevention guidelines [13].

COVID-19 cases were confirmed based on the 7th edi-
tion of the New Coronavirus Pneumonia Prevention and 
Control Protocol for COVID-19 released by the National 
Health Commission of the People’s Republic of China [15]. 
Discharge criteria were based on neonatal expert consensus 
[14] and the 7th edition of the New Coronavirus Pneumonia 
Prevention and Control Protocol for COVID-19 [15]. The 
early-onset infection is defined as the infection in the first 
week of life.

Outcomes

Our primary outcomes were: (1) MRI findings at 44 weeks’ 
corrected gestational age, and grey matter and white matter 
brain volumes at 44 weeks’ corrected gestational age and (2) 
physical growth parameters (weight, head circumference, 
and length) at 44 weeks’ corrected gestational age. Our sec-
ondary outcomes were anti-SARS-CoV-2 immunoglobulin 
M (IgM) and IgG antibody statuses before delivery in moth-
ers, and at birth, at the beginning of the 1st week of life, the 
beginning of 2nd week of life, and the beginning of 4th week 
of life in the neonates.

Collection of clinical and laboratory data

We used case report forms [16] from all recruited neonates 
to collect data on epidemiological history, demographics, 
clinical and radiological characteristics, laboratory param-
eters, and therapeutic regimens administered. Two research-
ers independently checked and recorded the data to ensure 
accuracy.

Brain MRI was carried out at the local participating insti-
tutions at a corrected gestational age of 44 weeks. Imaging 
was performed with a Siemens Magnetom Espree 1.5 T 
scanner (Siemens Medical System, Germany) using phased 
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array surface coils. Infants were first fed, tightly swaddled, 
and had earplugs inserted; then they were scanned during 
natural sleep. If required, rectal chloral hydrate for seda-
tion was administered with parental consent. Infants were 
monitored with an oxygen saturation probe. The images 
were analyzed by the pediatric neurologist and radiologists 
at the Children’s Hospital of Fudan University, China. All 
T2-weighted imaging (T2WI) data were checked visu-
ally, and those with apparent artifacts, motion blurs, and 
outliers were excluded. For the 18 usable T2WI data (15 
healthy newborns and 3 patients), we extracted the brain 
tissues from the whole head using FMRIB Software Library 
(FSL 6; http://​www.​fmrib. ox.ac.uk/fsl). Voxel-based mor-
phometry analyses of the extracted T2WI data were per-
formed using Statistical Parametric Mapping (SPM12; 
http://​www.​fil.​ion.​ucl.​ac.​uk/​spm). We first normalized the 
extracted T2WI data to a standard template space of neo-
nates, and segmented them into grey matter, white matter, 
and cerebrospinal fluid. We then smoothed the grey matter 
images using a Gaussian filter with a kernel of full width at 
half-maximum = 5 mm.

Physical growth parameters were assessed in all neonates 
and included weight, length, and head circumferences. These 
were measured at birth and at corrected gestational age of 
44 weeks using Fenton curves at local hospital clinics. How-
ever, owing to enforcement of strict, nationwide quarantine 
strategy during the study period, some neonates could not 
attend a local clinic and thus were evaluated by their parents. 
To facilitate this process, we created an instructional physi-
cal growth measurement video that taught parents how to 
take accurate measurements of their infant’s weight, length, 
and head circumference. The parents took these measure-
ments and gave them to us.

The SARS-CoV-2 infection status was tested by real-time 
reverse transcription polymerase chain reaction (RT-PCR) 
(novel coronavirus PCR fluorescence diagnostic kit; BGI, 
China) at the Chinese Center for Disease Control and Pre-
vention. Procedures for the collection, transfer, and process-
ing of the samples met the requirements of the World Health 
Organization. SARS-CoV-2 RT-PCR testing was performed 
for neonates at birth and after every 3 days until two con-
secutive results showed negative for SARS-CoV-2. RT-PCR 
testing was performed for mothers on admission and after 
every 3 days until two consecutive results showed negative 
for SARS-CoV-2.

Tests for IgM and IgG antibodies against SARS-CoV-2 
(CMIA assays kit; Shenzhen InnoDx Biotech Co., Ltd., 
China) were conducted before delivery in the mothers and at 
birth, at the beginning of the 1st week of life, the beginning 
of 2nd week of life, and the beginning of 4th week of life in 
the neonates. The sensitivity and specificity reported by the 
manufacturer for IgM were 86.6% and 98.3%, respectively; 
and for IgG were 96.3% and 97.4%, respectively.

Statistical analyses

Descriptive statistics were used to establish clinical param-
eters in neonates exposed to SARS-CoV-2. For continuous 
variables, the means and standard deviations or medians and 
interquartile ranges (IQR), as appropriate, were reported; 
for categorical variables, percentages were reported. We 
performed a two-sample t test on the smoothed grey matter 
images between control and case groups. The cutoff thresh-
old value for statistical significance was set at P < 0.001 
(uncorrected) and a cluster size > 50 voxels.

Results

Demographic characteristics and baseline clinical 
features of SARS‑CoV‑2‑exposed neonates

The study population and numbers of enrolled neonates for 
which each type of outcome data are illustrated in Fig. 1. 
Table 1 reports the baseline information and clinical and 
radiologic features of the SARS-CoV-2-exposed neonates. 
During the study period, we identified 72 neonates eligible 
for study inclusion. Among these neonates (33 of whom 
were reported in a previous study [1]), 72 (100%) were born 
to mothers with mild to moderate COVID-19 illness at third 
trimester, 53 (74%) were delivered by cesarean section, 8 
(11%) were critically ill, and no deaths were reported. A 
median (IQR) age of admission was 20 (2–24) hours and 
a median (IQR) gestational age was 38 (37–39) weeks in 
these 72 neonates, and 31 (43%) of them were male. Of 72 
neonates exposed to SARS-CoV-2, 8 (11%) were diagnosed 
with COVID-19. Of the eight neonates with COVID-19, 6 
(75%) had early-onset infection. There was no statistical dif-
ference in gestational age and weight compared between the 
two groups.

Brain magnetic resonance imaging and growth 
outcomes

Neurodevelopment

Figure 2 presents the results from reported brain MRI per-
formed in eight SARS-CoV-2-exposed neonates including 
five neonates with COVID-19 and three without COVID-
19. Among five neonates with COVID-19, three (60%) neo-
nates presented brain MRI changes, including newborn 2 
presented abnormal signals in white matter with delayed 
myelination, newborn 3 had brain hypoplasia with delayed 
myelination, and newborn 5 had abnormal signals in the 
bilateral periventricular indicating hypoxic changes. Com-
pared with healthy newborns at the equivalent age, the vol-
umes of grey matter (including cortical grey matter and deep 

http://www.fmrib
http://www.fil.ion.ucl.ac.uk/spm
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grey matter) and white matter and brain MRI findings in 
the three neonates without COVID-19 were not significantly 
different (P > 0.05).

Physical growth

Figure 3 illustrates the physical growth development of 
neonates exposed to SARS-CoV-2. The physical growth 
parameters in 72 SARS-CoV-2-exposed neonates at cor-
rected gestational age of 44 weeks, including weight, length, 
and head circumference, were all above the 3rd percentiles. 
No effects on physical growth were found in SARS-CoV-
2-exposed neonates.

Dynamic changes in antibodies against SARS‑CoV‑2

Of 21 SARS-CoV-2-exposed neonates assessed for anti-
bodies against SARS-CoV-2, 6 (29%) were positive for 
IgG antibodies at birth (Table 2). Supplementary Fig. 1a 
shows that no positive IgM antibodies were detected in five 
COVID-19-infected neonates who were SARS-CoV-2-pos-
itive by RT-PCR. Among them, newborn 5 with positive 
RT-PCR for SARS-CoV-2 was negative for IgG antibodies 
against SARS-CoV-2 at the 1st week of life but was posi-
tive at the 2nd week of life. Newborn 7 with RT-PCR for 
SARS-CoV-2 with negative was positive for IgM antibodies 
against SARS-CoV-2 at birth but was negative at the 4th 

Fig. 1   Flow diagram of the study population. COVID-19 coronavirus disease 2019, SARS-CoV-2 severe acute respiratory syndrome coronavirus 
2, MRI magnetic resonance imaging, ABs antibodies



257World Journal of Pediatrics (2021) 17:253–262	

1 3

Table 1   Baseline information and clinical and lung radiologic features of neonates born to mothers with COVID-19

Characteristics or features Total
(n = 72)

Neonates with COVID-19 Neonates without COVID-19

Total
(n = 8)

MRI
(n = 5)

No MRI
(n = 3)

Total
(n = 64)

MRI
(n = 3)

No MRI
(n = 61)

Maternal information
 Lab-confirmed cases, n (%) 52 (72) 8 (100) 5 (100) 3 (100) 44 (69) 3 (100) 41 (67)
 Clinical diagnosed cases, n (%) 20 (28) 0 (0) 0 (0) 0 (0) 20 (31) 0 (0) 20 (33)
 Age (y), mean (SD) 29.88 (3.44) 29.29 (3.25) 29.60 (3.78) 28.30 (1.52) 29.95 (3.48) 33.00 (2.00) 29.70 (3.48)
 Confirmed COVID-19 at third trimester, n (%) 72 (100) 8 (100) 5 (100) 3 (100) 64 (100) 3 (100) 61 (100)

Disease severity status, n (%)
 Mild to moderate 72 (100) 8 (100) 5 (100) 3 (100) 64 (100) 3 (100) 61 (100)
 Severe or critical 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
 Delivery mode (CS) 53 (74) 4 (50) 3 (60) 1 (33) 49 (77) 2 (67) 47 (77)
 Meconium stained AF 6 (8) 3 (38) 3 (60) 0 (0) 3 (5) 0 (0) 3 (5)
 Premature rupture of membranes 5 (7) 0 (0) 0 (0) 0 (0) 5 (8) 0 (0) 5 (8)
 Chorioamnionitis 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
 Co-infected pathogensa 7 (10) 0 (0) 0 (0) 0 (0) 7 (11) 0 (0) 7 (11)

Neonatal information
 Age of admission to NICU (h), median (IQR) 20 (2–24) 60 (24–120) 72 (48–73) 24 (24–168) 7.5 (1.5–24) 0 (0–0) 10 (2–24)
 Gestational age (wk), median (IQR) 38 (37–39) 38.5 (37.5–

39.5)
39 (37–39) 38 (38–40) 38 (37–39) 36 (34–38) 38 (37–39)

 Male/female 31/41 3/5 2/3 1/2 28/36 1/2 27/34
 Birth weight (kg), median (IQR) 3.31 (3.00–

3.62)
3.19 (2.99–

3.36)
3.35 (3.03–

3.36)
3.12 (2.94–

3.25)
3.05 (2.65–

3.40)
2.65 (2.35–

2.95)
3.08 (2.74–

3.41)
 Head circumference (cm), mean (SD) / 33.63 (3.32) / / 33.93 (1.91) / /
 Length (cm), mean (SD) / 48.9 (3.75) / / 48.51 (3.15) / /
 Twins, n (%) 4 (6) 1 (13) 1 (20) 0 (0) 3 (5) 0 (0) 3 (5)
 SGA, n (%) 2 (3) 0 (0) 0 (0) 0 (0) 2 (3) 0 (0) 2 (3)
 Asphyxia, n (%) 1 (1) 1 (13) 1 (20) 0 (0) 0 (0) 0 (0) 0 (0)

Clinical course
 Asymptomatic cases, n (%) 35 (49) 5 (63) 2 (40) 3 (100) 30 (47) 1 (33) 29 (48)
 Symptomatic cases, n (%) 37 (51) 3 (38) 3 (60) 0 (0) 34 (53) 2 (67) 32 (52)
 Fever, n (%) 13 (18) 3 (38) 2 (40) 0 (0) 10 (16) 0 (0) 10 (16)
 Lethargy, n (%) 6 (8) 1 (13) 1 (20) 0 (0) 5 (8) 0 (0) 5 (8)
 Reported any respiratory symptoms, n (%) 21 (29) 1 (13) 1 (20) 0 (0) 20 (3) 2 (67) 18 (30)
 Reported any gastrointestinal symptoms, n (%) 16 (22) 1 (13) 1 (20) 0 (0) 15 (23) 0 (0) 15 (25)
 PCIS < 90, n (%) 8 (11) 1 (13) 1 (20) 0 (0) 7 (11) 0 (0) 7 (11)
 Received oxygen support, n (%) 5 (7) 0 (0) 0 (0) 0 (0) 5 (8) 0 (0) 5 (8)
 Received ventilatory support, n (%) 4 (6) 1 (13) 1 (20) 0 (0) 7 (11) 0(0) 7 (11)
 Received antibiotics, n (%) 17 (24) 1 (13) 1 (20) 0 (0) 16 (25) 0 (0) 16 (26)
 Received antiviral drugs, n (%) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
 Days to achieve discharge criteria (d), median 

(IQR)b
/ 20.5 (14.5–

27.5)
17 (13–28) 24 (16–27) 14 (7.5–18) 14 (7–18) 14 (8–18)

 Early-onset COVID-19, n (%) 6 (8) 6 (75) 4 (80) 2 (67) 0 (0) 0 (0) 0 (0)
 Mortality, n (%) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Lung radiologic features, n (%)
 Opacity or opacities, or densities 14 (19) 2 (25) 2 (40) 0 (0) 12 (19) 0 (0) 12 (20)
 Infiltrate 18 (25) 6 (75) 3 (60) 3 (100) 12 (19) 2 (67) 10 (16)
 Pneumonia 20 (30) 6 (75) 5 (100) 1 (33) 14 (22) 2 (67) 12 (20)
 Consolidation 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)
 Ground-glass 8 (11) 1 (13) 1 (20) 0 (0) 7 (11) 0 (0) 7 (11)

 Pneumothorax 1 (1) 0 (0) 0 (0) 0 (0) 1 (2) 1 (33) 0 (0)
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week of life (Supplementary Fig. 1b). Only two neonates 
(newborn 6 and newborn 7) remained positive for IgG anti-
bodies against SARS-CoV-2 at 4 weeks after birth (Sup-
plementary Fig. 1a).

Discussion

To our knowledge, this study is the first to fully describe the 
clinical course of neonates born to mothers with COVID-
19 including the clinical manifestations, short-term physical 
growth development and MRI findings, and dynamic change 
of antibodies against SARS-CoV-2. Consistent with the pre-
vious study [1], we found that most neonates born to moth-
ers with COVID-19 were asymptomatic for COVID-19 or 
mild illness, and eight (11%) neonates born to mothers with 
COVID-19 had positive RT-PCR for SARS-CoV-2 or IgM 
against SARS-CoV-2, but most of them were asymptomatic.

Moreover, this study revealed that neonates born to moth-
ers with COVID-19 could have abnormal MRI findings at 
a corrected gestational age of 44 weeks while also having 
normal grey and white matter brain volume and favorable 
physical growth. We identified three neonates with COVID-
19 presenting brain MRI abnormalities. Except for positive 
SARS-CoV-2 PCR and persistent IgG antibodies against 
SARS-CoV-2, no other risk factors affecting neurologi-
cal development were found in the two full-term neonates 

(newborn 2 and newborn 5). Newborn 3, who was reported 
in the previous study [1], was born at a gestational age of 
31 + 2 weeks. There were no acute neurological symptoms 
in these three neonates, but abnormal brain MRI findings 
were reported. Other studies suggested that brain MRI 
parenchymal signal abnormalities were associated with 
COVID-19 in adults [17]. Therefore, our findings highlight 
that neurological systems of neonates with COVID-19 could 
be involved and should be monitored closely. On the other 
hand, studies have shown that white matter and cerebellar 
volumes at term gestational age were associated with cogni-
tive, language, and motor outcomes [18]. Therefore, we fur-
ther investigated the grey and white matter volumes of three 
neonates born to mothers with COVID-19; however, com-
pared to the healthy newborns, no difference in volume was 
noted. Owing to limitations related to follow-up time and the 
numbers of individuals available for follow-up and for MRI 
testing, it is still unknown whether the SARS-CoV-2 virus 
affects the long-term neural development in neonates born 
to mothers with COVID-19.

We observed low rates of positive transplacental IgG 
antibodies in neonates born to mothers with COVID-19, 
possibly because the mothers were infected during the 3rd 
trimester. Although the serum IgG antibodies for SARS-
CoV-2 in these newborns could last for at least 3 weeks, it 
remains uncertain whether the positive IgG antibodies could 
be protective and whether the duration of transplacental IgG 

COVID-19 coronavirus disease 2019, SD standard deviation, CS cesarean section, AF amniotic fluid, NICU neonatal intensive care unit, IQR 
interquartile range, SGA small for gestational age, PCIS pediatric critical illness score, IL interleukin, PCT procalcitonin. aMaternal co-infected 
pathogens: IgG antibodies for Mycoplasma pneumoniae were detected in seven mothers with COVID-19. TORCH or GBS screens were all 
negative; bSix asymptomatic neonates born to mothers with COVID-19 were not admitted to the neonatology department. Of 72 neonates, five 
were discharged at the parents’ request (they did not achieve the discharge criteria); cNeonatal co-infected pathogens: one neonate with COVID-
19 had an Enterobacter agglomerates-positive blood culture and one neonate without COVID-19 had an Escherichia coli-positive blood culture

Table 1   (continued)

Characteristics or features Total
(n = 72)

Neonates with COVID-19 Neonates without COVID-19

Total
(n = 8)

MRI
(n = 5)

No MRI
(n = 3)

Total
(n = 64)

MRI
(n = 3)

No MRI
(n = 61)

 Effusion 3 (4) 0 (0) 0 (0) 0 (0) 3 (5) 0 (0) 3 (5)
 Transient tachypnea of newborn 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

Other lab-confirmed pathogens, n (%)c 2 (3) 1 (13) 1 (20) 0 (0) 1 (2) 0 (0) 1 (2)
Initial laboratory results, n (%)
 White blood cells < 5 or > 30 (× 109/L) 5 (7) 1 (13) 1 (20) 0 (0) 4 (6) 0 (0) 4 (7)
 Lymphocytes < 2 (× 109/L) 10 (14) 1 (13) 1 (20) 0 (0) 9 (14) 0 (0) 9 (15)
 Platelets < 150 (× 1012/L) 2 (3) 1 (13) 1 (20) 0 (0) 1 (2) 0 (0) 1 (2)
 Elevated C-reactive protein (0–3 mg/dL) 7 (10) 1 (13) 1 (20) 0 (0) 6 (9) 0 (0) 6 (10)
 Elevated IL-6 (0–20.9 mg/dL) 14 (19) 2 (25) 1 (20) 1 (33) 12 (19) 0 (0) 12 (20)
 Elevated PCT (< 0.1 mg/dL) 10 (14) 3 (38) 2 (40) 1 (33) 7 (11) 0 (0) 7 (11)
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antibody expression depends on the maternal serum level 
of IgG antibodies. Newborn 5 with positive SARS-CoV-2 
PCR at birth was negative for IgG antibodies initially but 
was positive at 2 weeks after birth, indicating the early-onset 
neonatal COVID-19 infection but vertical transmission was 
still suspicious. In our study, although the RT-PCR test for 
SARS-CoV-2 was negative in newborn 7, she was diag-
nosed as positive for both IgM and IgG antibodies against 
SARS-CoV-2 at birth based on the current protocol [15]. At 
present, serum testing may play a complementary role for 
diagnosing COVID-19.

Several limitations in our study might create bias. First, this 
was a short-term follow-up study, whereas a long-term follow-
up would provide more information, such as whether neonates 
with abnormal MRI findings would present with cognitive, 
language, and motor disorders in later life. Second, the number 
of neonates born to mothers with COVID-19 who underwent 
brain MRI assessment was small and generalization from 
this subset may be limited. We did not have more cranial MR 
data because we did not obtain more neonatal infections. Our 
results should be interpreted with caution because they reflect 
individual neurologic assessments and imaging performed 

Fig. 2   Neurological development of neonates born to mothers with 
COVID-19. a Newborn 1: GA 40 + 4 weeks, BW 3360 g. She had posi-
tive RT-PCR for SARS-CoV-2. She was admitted to NICU at day of 
birth and was asymptomatic. She was discharged home at 17 days after 
birth. Newborn 2: GA 37 + 2 weeks, BW 2940 g. No prenatal hypoxic 
history was reported. He had only positive RT-PCR for SARS-CoV-2. 
He was admitted to NICU at 18  days after birth. He presented fever 
(37.8 ℃) and was discharged home at 28 days of life. Newborn 3: GA 
31 + 2 weeks BW 1580 g. She was positive RT-PCR for SARS-CoV-2 
at birth but negative IgM and IgG against SARS-CoV-2 at 4  weeks 
after birth [1]. Newborn 4: GA 39  weeks, BW 3350  g. He had posi-
tive RT-PCR for SARS-CoV-2 at 7  days after birth and positive IgG 
against SARS-CoV-2 at 4 weeks after birth. He was admitted to NICU 

at 7 days after birth. He presented fever (37.7 ℃) and was discharged 
home at 20 days after birth. Newborn 5: GA 39 + 1 week, BW 3570 g. 
No prenatal hypoxic history was reported. She had positive RT-PCR for 
SARS-CoV-2 but negative IgM and IgG against SARS-CoV-2 at 1 week 
after birth and positive IgG against SARS-CoV-2 at 2 weeks after birth. 
She was admitted to NICU at 3 days after birth and was asymptomatic. 
She was discharged home at 12 days after birth; b Newborn A, B, and 
C without COVID-19 were only born to mothers with COVID-19 and 
they were term infants and asymptomatic. COVID-19 coronavirus dis-
ease 2019, SARS-CoV-2 severe acute respiratory syndrome coronavirus 
2, GA gestational age, BW birth weight, RT-PCR real-time reverse tran-
scription polymerase chain reaction, NICU neonatal intensive care unit, 
Ig immunoglobulin, MRI magnetic resonance imaging
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Fig. 3   Short-term physical growth curves of the neonates born to mothers with coronavirus disease 2019. P3 3rd percentiles, P5 5th percentile, 
P10 10th percentile, P50 50th percentile, P90 90th percentile, P95 95th percentile, P97 97th percentile
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in early infancy. More cases from other countries or regions 
would aid the interpretation of the neurologic findings in brain 
MRI of neonates born to mothers with COVID-19.

To our knowledge, this is the first study to describe 
the brain MRI and physical growth of neonates born to 
mothers with COVID-19. Our results suggested that there 
was some evidence of abnormal brain MRI findings in 
neonates with COVID-19, but there was no evidence of 
abnormal growth development in neonates born to moth-
ers with COVID-19. At present, we cannot conclude that 
the abnormal brain MRI findings were caused by SARS-
CoV-2; therefore, the neonates born to mothers with 
COVID-19 could be followed-up as routine health care 
schedule but the routine neurodevelopmental surveillance 
of the neonates with COVID-19 should be evaluated by 
further study.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s12519-​021-​00426-z.
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Table 2   Primary and secondary outcomes by neonate COVID-19 and MRI assessment status

MRI assessments at 44 weeks CGA. COVID-19 coronavirus disease 2019, SARS-CoV-2 severe acute respiratory syndrome coronavirus 2, NA not 
available, MRI magnetic resonance imaging, CGA​ correct gestational age, IQR interquartile range, Ig immunoglobulin. aanti-SARS-CoV-2 anti-
body expression was evaluated in 21 of the 72 maternal–neonatal pairs

Outcomes Neonates with COVID-19 (n = 8) Neonates without COVID-19 (n = 64)

Received MRI (n = 5) No MRI (n = 3) Received MRI (n = 3) No MRI (n = 61)

White matter changes, n (%) 3 (60) NA NA NA
Physical growth at 44 wk CGA, n (%) 5 (100) 3 (100) 3 (100) 61 (100)
Weight (kg), median (IQR) 4.6 (4.4–4.7) 4.3 (4.3–4.5) 4.3 (4.2–5.5) 4.5 (4.3–5.0)
Length (cm), median (IQR) 53 (53–55) 53 (53–53) 54 (52–56) 54 (53–55)
Head circumference (cm), median (IQR) 36 (36–36) 35 (35–36) 35 (35–38) 36 (36–37)
Serological assessmentsa (anti-SARS-CoV-2 

antibodies), n (%)
3 (60) 3 (100) 1 (33) 14 (23)

Maternal, n (%)
 IgG-positive before birth 3 (100) 3 (100) 1 (100) 14 (100)
 IgM-positive before birth 0 (0) 2 (67) 1 (100) 4 (31)

Neonatal
 IgG-positive, n (%)
  At birth NA 2 (67) NA 3 (21)
  1 wk after birth NA 2 (67) NA NA
  2 wk after birth 1 (33) 2 (67) 1 (100) NA
  4 wk after birth 1 (33) 2 (67) NA NA

 IgM-positive, n (%)
   At birth 0 (0) 1 (33) 0 (0) 0 (0)
   1 wk after birth 0 (0) 1 (33) NA NA
   2 wk after birth 0 (0) 1 (33) NA NA
   4 wk after birth 1 (33) 0 (0) NA NA
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