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Abstract

Prenatal infections have long been recognized as important, preventable causes of developmental 

disabilities. The list of pathogens that are recognized to have deleterious effects on fetal brain 

development continues to grow, most recently with the association between Zika virus (ZIKV) and 

microcephaly. To answer clinical questions in real time about the impact of a novel infection on 

developmental disabilities, an historical framework is key. The lessons learned from three 

historically important pathogens: rubella, cytomegalovirus, and ZIKV, and how these lessons are 

useful to approach emerging congenital infections are discussed in this review. Congenital 

infections are preventable causes of developmental disabilities and several public health 

approaches may be used to prevent prenatal infection. When they cannot be prevented, the 

sequelae of prenatal infection may be treatable.

When considering the underlying etiology of developmental disabilities, it is essential to 

recognize the complex interplay between developmental biology and the environment, 

particularly during critical periods of early brain development. In this regard, prenatal 

infections represent a large and important group of causes of developmental disabilities, 

variably resulting in infants and children with intellectual and learning disabilities, hearing 

impairment, vision impairment, cerebral palsy (CP), autism spectrum disorder, and disorders 

of language, attention, and behavior. While the five major ‘TORCH’ infections 

(toxoplasmosis, syphilis, rubella, cytomegalovirus, herpes) have been traditionally 

recognized as the most common, there are a growing number of other pathogens of 

epidemiological importance, particularly in the post-vaccine era (Table 1). However, this list 

of congenital infections is not stagnant. In the realm of infectious diseases, new pathogens 

unexpectedly emerge, posing new questions and presenting challenges to the understanding 
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of prenatal infection. This has most recently been seen with the sudden appearance of 

increased rates of congenital microcephaly in the setting of the outbreak of Zika infection.1

Within this growing group of pathogens, rubella, cytomegalovirus, and Zika virus (ZIKV) 

are historically important prenatal infections which can lead to fetal loss, growth restriction, 

and developmental disorders. Each is a vertically transmitted pathogen that illustrates 

concepts key to understanding the ongoing and future clinical implications of prenatal 

infections as preventable causes of developmental disabilities. In this review, we highlight 

the clinical and neuroscientific lessons learned from these pathogens and how these lessons 

can be used to approach novel or emerging infections. (For a comprehensive review of 

additional prenatal infections, see other key references cited below.2,3)

PROTECTIVE MATERNAL–FETAL BARRIERS: WHY DO NOT ALL 

INFECTIONS CAUSE DEVELOPMENTAL DISABILITIES?

Females frequently experience infections during pregnancy, ranging from the common cold 

to urinary tract infections and severe viral illnesses. Most infections are well-tolerated 

without detrimental effects on the fetus, resulting in typical infant outcomes. The mechanism 

by which some of such pathogens impact development has been clearly documented. 

However, it is also important to emphasize that while maternal infection by other pathogens, 

such as influenza, may increase the risk of preterm birth, they do not appear to have direct 

harmful effects on development.4-6 So, why do not all maternal infections lead to problems 

with fetal development and developmental disabilities? It is possible that the key to the most 

deleterious fetal outcomes depend on the capability of selected pathogens to invade the fetal 

environment and produce direct pathogenic effects on developing fetal systems.

The barriers preventing fetal infection are critical to the development of a ‘healthy’ child. 

The two key barriers in this regard are the placental-fetal barrier and the fetal blood brain 

barrier (BBB), which separates the fetal systemic circulation from the central nervous 

system (CNS). Those barriers are the doorkeepers and roadblocks to pathogen trafficking 

into the fetal environment. Only a small number of infectious agents are able to cross the 

placenta, a measure of the importance of the placenta in preventing fetal exposure to 

pathogens, and then cross the BBB into the CNS. The fetal and maternal immune systems, 

through intricate molecular signaling pathways and diverse cell types, play important roles 

in protecting the fetus from a wide range of potentially deleterious exposures, which can 

disrupt the spatially and temporally orchestrated development of the CNS.

The placental–fetal barrier

The placenta is the key barrier between the maternal and fetal circulation, protecting the 

fetus from pathogens, toxicants, and teratogens as well as providing metabolite exchange, 

allowing maternal antibodies into the fetal circulation, hormone production, and regulating 

nutrition and waste removal via placental syncytiotrophoblasts. One half is of fetal origin 

and the other half of maternal origin. One of the many remarkable characteristics of the 

placenta is that it must simultaneously serve as a barrier against a wide range of pathogens, 

while at the same time not rejecting the fetus, a semi-allograft with ‘foreign’ antigens.7
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This barrier is focused at the maternal–fetal interface, which comprises systemic and local 

immunity mechanisms protecting both the developing fetus and the mother. Such immune 

mechanisms facilitate the interplay of placental cellular systems and immune mediators and 

receptors to maintain the fetal homeostasis. Immune signaling pathways that facilitate 

pathogen recognition, Toll-like and Nod-like receptors, along with the network of cytokines 

and chemokines that modulate immune cell reactions of natural killer cells, Hofbauer cells, 

T cells, and dendritic cells as well as mast cells, B cells, and innate lymphoid cells, act 

together to identify and respond to the challenge of pathogens and maternal infections.8

The fetal BBB

Within the fetus, the BBB is a complex, consisting of a continuous non-fenestrating 

microvasculature in combination with support provided by mural, immune, glial, and neural 

cells to protect the brain from infection or toxins.9 This complex, termed the neurovascular 

unit, tightly regulates the movement of ions, molecules, and cells in and out of the CNS. The 

BBB develops as early as 8 weeks gestation, but how its function evolves in unison with 

brain maturation is not fully understood.10 Although the CNS is well-sealed and protected 

from environmental challenges, a well-established trafficking of cells from the immune 

system (e.g., lymphocytes) and antibodies is regulated by the BBB to facilitate the immune 

surveillance of the system and respond to potential infections of the CNS.

When these mechanisms fail

During the last two decades there have been great advances in understanding of the 

pathophysiology of viral infections and how they can evade host detection. While the 

pathophysiology is not fully understood, to cause fetal infection, viruses must be bloodborne 

in sufficient viral quantities to produce infection by interaction with specific receptors and 

hijack cellular mechanisms for viral replication and production of specific viral proteins with 

cytotoxic properties.8

For cytomegalovirus and ZIKV the mechanisms may vary. In primary cytomegalovirus 

infection during the first trimester of pregnancy, there is a 40% risk of direct transmission to 

the fetus.8 After initial infection the virus establishes lifelong lineage in monocytes, the 

proper cell for viral replication. While specific details are not known, in recurrent congenital 

infection, the virus is activated in the placental environment and passes through to the fetus. 

Similarly, ZIKV has the capability of infecting monocytes and subsequently targeting 

placental cells via the bloodstream. One possible mechanism of transplacental passage is via 

infected monocytes through trans-endothelial migration. In the fetal environment, ZIKV has 

a high neurotropic and neurovirulent capability producing fetal encephalitis. Additionally, 

ZIKV infection can trigger cascades of proinflammatory cytokines leading to tissue injury.11

CONGENITAL RUBELLA SYNDROME: EARLY INSIGHTS AND PUBLIC 

HEALTH SUCCESS

Congenital rubella syndrome (CRS) represents one of the first congenital infections to be 

linked to developmental disabilities and the first to be eradicated – serving as a model for 

which subsequent efforts against prenatal infections have been compared.
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At the beginning of the 20th century, rubella was thought to be a benign illness from which 

most people recovered. However, in 1941 Sir Norman Gregg, an Australian ophthalmologist, 

reported cataracts, deafness, and congenital heart disease in infants whose mothers 

contracted the German measles.12 This association between maternal infection and neonatal 

outcome was the first to recognize this seemingly benign viral infection as a potentially 

devastating threat during pregnancy. In the next several decades, as cases continued to occur, 

the phenotype of CRS was expanded to include microcephaly and developmental disability. 

CRS is now described by four major criteria, which include cataracts or congenital 

glaucoma, congenital heart disease, hearing impairment, and pigmentary retinopathy and 

several minor criteria with developmental consequences. Long term, while the literature on 

the developmental outcomes of individuals with CRS is limited, one study of 53 adolescents 

born during the 1965 epidemic reported hearing impairment in 92%, vision impairment in 

56%, and CP in 19%. Intellectual disability was reported in approximately 28% of 

individuals with CRS, the majority of whom had severe to profound intellectual disability.13 

In a more recent study of individuals with CRS in Oman, 33% died during infancy; in those 

who survived, 84% had hearing impairment, 84% had vision impairment, 53% had 

intellectual disability, 42% had CP, and 2% had epilepsy.14 The case definition for CRS, 

outlining the spectrum of clinical manifestations, is described in Table 2.15

In the 1960s, an epidemic of rubella swept across Europe and the United States and 

approximately 20 000 infants were born with CRS.16 This unfortunate rise in cases led to the 

important recognition that timing of infection during specific periods of vulnerability 

impacts outcome. It was observed that the earlier the timing of infection during pregnancy, 

the more likely the infant would present with CRS and the more severe the manifestations. 

With the scientific advances of serological testing to confirm infection, the association 

between timing of infection and outcome was more clearly delineated, identifying a critical 

period of vulnerability during the first trimester of gestation.17 One seminal study 

prospectively followed over 1000 females with confirmed rubella infection in different 

stages of pregnancy. When they followed infants until 2 years of age, 100% of infants 

infected before the 11th week had congenital heart disease and deafness, 35% of those 

infected between 13 and 15 weeks had deafness alone, and no defects were found in those 

children exposed after 16 weeks.18

In 1969, immunization against rubella was introduced, leading to the near complete 

elimination of this infection in developed countries over succeeding decades.12,16 The 

rubella vaccine is included in the routine childhood immunization schedule in the combined 

measles mumps rubella vaccination at ages 12 months and 4 years. Therefore, most females 

of childbearing age in developed countries are now immune to rubella before becoming 

pregnant. Herd immunity has also resulted in absent transmission of the rubella virus in the 

United States since 2012. Currently the Center for Disease Control and Prevention reports 

less than one case of CRS per year in the United States and infections are associated with 

travel.19 Because of these astounding immunization and eradication efforts, many newly 

trained physicians will never see a case of CRS. However, this public health success story 

remains relevant as rubella continues to circulate in countries with poor healthcare resources. 

Further, the threat of reemergence of rubella in developed countries due to anti-vaccine 

movements and declining immunization rates is of increasing concern.
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Ironically, because of the near eradication of rubella and absence of an animal model, 

relatively little is known about the pathophysiological mechanisms by which the rubella 

virus impacts on fetal brain development. Histopathological studies of aborted fetuses and 

deceased newborns during the epidemic of the 1960s were limited to lesions in several organ 

systems consistent with the clinical manifestations of CRS.20,21 In the brain, studies using 

human cell culture have demonstrated that the rubella virus preferentially invades astrocytes 

in vitro and spares oligodendrocytes.22 A more recent study from 2016 used 

immunohistochemistry to identify viral antigens in three fatal cases of neonates with CRS. 

Notably, rubella virus was present in two major cell types: the progenitor cell of the granular 

layer of the cerebral cortex as well as in myocardial fibroblasts.23 This identification of 

rubella viral particles in this specific area of the brain suggests a potential explanation for 

microcephaly, neurological impairment, and developmental disabilities that is seen in people 

with CRS. Similar findings have also been identified in fetal ciliary bodies, probably 

representing precursors to the ocular findings of CRS. 24 Two mechanisms have been 

suggested for rubella virus teratogenicity: rubella-virus-induced cell death by apoptosis and 

rubella-virus-induced inhibition of mitosis by blocking the assembly of actin.25 Finally, the 

completion of organogenesis and the development of the fetal immune system are postulated 

to play a role in the observation that timing of infection determines outcome, but further 

evidence is needed to support these hypotheses.25

CONGENITAL CYTOMEGALOVIRUS: A MODERN CHALLENGE

Congenital cytomegalovirus has long been recognized as an important cause of 

developmental disabilities. However, in contrast to rubella, cytomegalovirus has been 

challenging to prevent and treat and remains a persistent congenital infection today, in both 

developed and developing countries. Whereas rubella virus and ZIKV, both RNA viruses, 

produce limited febrile illnesses, cytomegalovirus, a DNA virus, has the capability to 

produce long-term asymptomatic infection with the potential for reactivation. Notably, 

almost 50% of the population is already infected with cytomegalovirus by age 40 years.

Reports of cases highlighting the findings associated with congenital cytomegalovirus were 

described as early as the 1880s, but it was only in 1956, when Birdsong et al. first made the 

connection to a viral infection in a series of neonates who died shortly after birth and were 

found to have viral inclusions in their brain tissues.26 Today, congenital cytomegalovirus 

remains the most common congenital infection, affecting 0.2% to 0.7% of live births in the 

United States.27,28 Non-white ethnicity and low socio-economic status are risk factors for 

congenital cytomegalovirus, highlighting the impact of healthcare disparities on prenatal 

infections.29

In infants with congenital cytomegalovirus, 10% are symptomatic at birth and may manifest 

with low birthweight, microcephaly, petechiae, hepatosplenomegaly, and hearing loss. Fifty 

to 75% of these infants will have long-term developmental disabilities, including cognitive 

deficits, motor deficits, hearing deficits, and epilepsy (Table 3).28,30-32 In one study of 

outcomes of 170 infants with symptomatic congenital cytomegalovirus, approximately one 

third had neurological impairment at follow-up and of those, 62% had severe intellectual 

impairment.32 Other longitudinal studies of infants with symptomatic congenital 
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cytomegalovirus reported CP in approximately 30% to 50% of the children, the majority of 

whom also had intellectual disability.30,31 Notably, the most important predictor of poor 

developmental outcome in symptomatic congenital cytomegalovirus was microcephaly at 

birth.30,31

Of the 90% of infants who are asymptomatic at birth, 15% to 25% will go on to have 

sensorineural hearing loss.27 These children who are asymptomatic at birth typically have 

intelligence and academic performance similar to population norms.33-35 This realization of 

delayed-onset hearing loss highlights that this (and other) congenital infections may have 

more subtle consequences that are not evident at birth and may require investigation later in 

childhood. Long-term outcomes of children with congenital cytomegalovirus continue to be 

an active area for research.

Similarly to rubella, there is evidence for cytomegalovirus that timing of infection during 

pregnancy has an impact on outcome. Interestingly, while intrauterine transmission rates are 

highest during the third trimester, the likelihood of the neonate being symptomatic at birth is 

highest during the first trimester.36-39 One study of over 200 pregnancies with confirmed 

primary cytomegalovirus infection, detected intrauterine transmission by amniocentesis in 

30%, 38%, and 72% of cases during the first, second, and third trimester respectively. 

However, rates of symptomatic infection were 28%, 14%, and 0%, in the first, second, and 

third trimesters respectively; infants with third trimester infection had typical hearing and 

development at follow-up.39

What has been most challenging to the treatment and prevention of cytomegalovirus is that 

immunocompetent adults are typically asymptomatic, and the mean age of seroconversion is 

28 years, coinciding with peak childbearing years in females.40 Primary infection (infection 

for the first time) during pregnancy has been most frequently associated with congenital 

infection, but secondary infection (a subsequent instance of infection) with novel serotypes 

may also be causative.

Vaccine development efforts are considered a priority by various medical and scientific 

organizations and several candidate vaccines are under investigation.41 However, to date 

there is no vaccine against cytomegalovirus on the market. A 2009 phase two study of a 

vaccine consisting of recombinant cytomegalovirus envelope glycoprotein in females of 

childbearing age yielded only 50% efficacy and one congenital infection occurred in the 

vaccine group.42 Current ongoing clinical trials focus on novel vaccine development in 

patients undergoing hematopoietic stem cell transplant.43 Challenges to the development of 

an effective vaccine against cytomegalovirus include lack of an animal model and only 

recent emphasis on the importance of cellular immunity over neutralizing antibodies for 

protection against this virus.41

In the absence of a vaccine to prevent infection, efforts against cytomegalovirus have 

employed other strategies for intervention. Antivirals have been explored as a method to 

mitigate consequences in those who have been infected. A study of oral valganciclovir in 

symptomatic infants during the first 6 months of life reported improved hearing and 

developmental outcomes at 2 years of age.44 There are also ongoing clinical trials 
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investigating whether antivirals or passive immunization with cytomegalovirus 

hyperimmune globulin during pregnancy may improve outcome.45

While the underlying pathophysiology for cytomegalovirus disease in adults has been 

studied, the primary mechanisms disrupting fetal brain development are complex and less 

well understood. Specifically, research on the pathogenesis of this congenital infection has 

been limited because of a lack of adequate animal models. It is postulated that gene products 

of the virus interfere with normal cellular activity, inducing apoptosis, cellular proliferation, 

inflammation, and other processes that are critical to typical fetal development.46 However, 

exciting new advances in neuroscience technology, including the creation of human brain 

organoid models, may facilitate basic science research on congenital cytomegalovirus and 

may lead to potential therapeutic interventions over the next decade.

Finally, newborn screening for cytomegalovirus is an area of active study and heated debate. 

Proposed methods of screening include testing infants who fail the newborn hearing screen 

or testing all newborns. The state of Utah implemented the former, termed ‘hearing targeted’ 

approach in 2013.47,48 Results of antiviral clinical trials may impact whether similar public 

health policies are instituted in the future. If implemented, cytomegalovirus would be the 

first congenital infection to be included in the universal newborn screen.

CONGENITAL ZIKA SYNDROME: A NEWLY RECOGNIZED PATHOGEN

The list of infections with deleterious effects on fetal development continues to grow. New 

congenital infections are primarily recognized in two ways: through case series of rare 

prenatal infections with longitudinal follow-up, or through increased epidemiological case 

recognition in the context of new outbreaks or epidemics. The latter has most recently 

occurred with the emergence of ZIKV infection outbreaks in the Americas in 2015/2016. 

The story of ZIKV as a prenatal infection is an example of how pathogens that cause 

developmental disabilities may arise at any time and the lessons learned from other 

congenital infections are key to clinical and public health response. It also illustrates how 

modern scientific technologies and global communication networks have facilitated rapid 

research and understanding of the pathophysiology of this developmental disability.

The ZIKV was first reported in 1947 in the Zika Forest in Uganda and remained a fairly 

benign mosquito-borne illness in Africa and Asia until 2007 when a large outbreak was 

reported in Yap Island, Micronesia and 2013 when a second outbreak was reported in French 

Polynesia.49 However, no connection was made to birth defects until 2016 when an 

epidemic in Brazil coincided with an increase in cases of infants born with profound 

microcephaly.50

Extensive global public health and clinical research efforts have led to rapid understanding 

of the clinical spectrum and pathogenesis of congenital Zika syndrome (CZS). ZIKV is an 

RNA-virus primarily transmitted by mosquito bites, but also recognized to have the potential 

for sexual transmission. ZIKV infection during pregnancy is associated with failed neuronal 

migration and neuronal cell death, resulting in fetal brain disruption sequence. Fetal brain 

disruption sequence manifests as five major structural anomalies: severe microcephaly with 

GORDON-LIPKIN et al. Page 7

Dev Med Child Neurol. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



collapsed skull, cortical thinning of the brain (with calcifications and abnormal gyral 

patterns), eye anomalies, contractures, and hypertonia. Deafness is also common. Although 

other congenital infections may present with overlapping features, this constellation of 

findings together seems to be unique to CZS.51 The cranial involvement in CZS manifests as 

microcephaly and overlapping cranial sutures. The spectrum of brain involvement in CZS 

may include a variable magnitude of encephalitis which evolve into arrest of cortical 

development with cortical thinning or abnormal gyration, intracranial calcifications, 

hydrocephalus, congenital contractures, eye anomalies, and deafness.52 Infants affected by 

CZS have thus far shown severe developmental delays and are at high risk for lifelong 

developmental disabilities.1,53,54 However, given that ZIKV as a congenital infection has 

only been recently recognized, the infants affected by this virus have yet to reach 

adolescence or adulthood and many questions about the long-term implications of ZIKV 

infection remain unanswered. One study of 121 infants with CZS in Brazil reported 

profound developmental delays at 2 years 6 months of age. Nearly all infants in this cohort 

performed at 2 to 4 months age equivalent across all functional domains on the Bayley 

Scales of Infant Development.54

Similar to cytomegalovirus, it has been recognized that even those infants with prenatal 

ZIKV exposure who appear ‘normal’ at birth may go on to exhibit more subtle 

developmental disabilities later on.55 Although children born with normal head 

circumference after in utero ZIKV exposure exhibited fewer neurological abnormalities than 

children born with microcephaly, a longitudinal follow-up at 6 months to 3 years 6 months 

of a cohort of 109 children with normal head circumference born by mothers infected by 

ZIKV, exhibited frequent neurological abnormalities (68%) which included signs of motor 

dysfunction on neurological examination, feeding problems, and abnormal brain imaging.56 

Interestingly, the majority (64%) of this cohort fell within the average or above average 

range on developmental assessment. In both infants with CZS and those with normal head 

circumference, the strongest predictor of developmental outcome in infants with prenatal 

exposure to ZIKV is head circumference at birth, with smaller heads predicting poorer 

developmental performance.54,56 Future longitudinal studies of this population will further 

elucidate the clinical phenotype of these children.

New knowledge about ZIKV draws many parallels to rubella and cytomegalovirus. Similarly 

to cytomegalovirus, ZIKV infection is asymptomatic in 80% of individuals and is, therefore, 

a challenge to detect. However, in contrast to other congenital infections, transmission of 

ZIKV by an insect poses different strategies for infection prevention (e.g. travel advisories, 

insect repellants, long clothing). Again, timing of infection with ZIKV impacts on outcome, 

with infants exposed during the first trimester having increased likelihood of fulminant CZS 

compared to those exposed later. Females with low socio-economic status are also at higher 

risk.57

Despite the relatively recent emergence of Zika infection, effective animal and organoid 

models have facilitated significant strides toward the understanding of the underlying 

pathogenesis that impacts on fetal brain development. Mouse models have demonstrated not 

only that ZIKV can cross the placenta and invade fetal tissue after inoculation of a pregnant 

dam, but also that ZIKV preferentially invades and replicates in fetal brain tissue over other 
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organs, specifically neural progenitor cells.58,59 ZIKV has also been shown to subsequently 

interfere with the proliferation of neural tissue, leading to cell death, disrupted cortical 

layers, and reduced brain volume in both mouse and human brain organoid models.60,61 

Other studies have implicated the centrosome, where ZIKV infection triggers centrosome 

disruption leading to unequal neural progenitor cell division, premature differentiation, 

depletion of progenitor cell numbers, and cortical thinning.60 Epigenetic changes may also 

be at play. One study demonstrated that ZIKV infection alters the topology of both human 

and viral RNA by influencing methylation patterns to facilitate ZIKV replication.61

Will ZIKV remain a persistent threat, or was this a fleeting pandemic? The answer remains 

unclear. While new cases of ZIKV infection have dramatically declined since 2016, in a 

large part due to herd immunity, it is possible that the virus will reemerge or remain endemic 

in areas of the world with potential for mosquito transmission. Nevertheless, its importance 

as a newly recognized congenital infection associated with the emergence of pandemic 

remains evident.

THEMES AND CLINICAL IMPLICATIONS

Rubella, cytomegalovirus, and ZIKV represent important prenatal infections that have 

elucidated several themes with significant clinical implications.

Theme 1: There is frequently a striking juxtaposition between the severity of illness in the 
mother and outcome of the infant

In all the prenatal infections discussed above, the pathogen was initially considered benign 

because the manifestations of illness in adults or children were mild or absent. However, 

these pathogens may preferentially affect the cells of the developing fetus, leading to severe 

developmental disability. When considering prenatal infection as the etiology of an infant or 

child with a developmental disability, the absence of a history of maternal symptoms does 

not preclude this diagnosis. Instead, gathering history about risk factors for infectious 

exposure may be more pertinent.

Theme 2: Timing matters

The physical manifestations of prenatal infection correlate with the time during gestation 

that the infection was acquired. Infections early in pregnancy, particularly during 

organogenesis of the first trimester, may lead to more severe outcomes, frequently associated 

with structural anomalies. In contrast, infections later in pregnancy may result in more subtle 

manifestations. However, these subtle features (e.g. deafness or learning disability) may, 

nonetheless, have an important impact on the life of the child.

Theme 3: These are preventable causes of developmental disabilities

Infections can frequently be prevented and therefore, these forms of congenital infection can 

also be prevented. There are several approaches to the prevention of prenatal infection (Fig. 

1). Universal immunization and herd immunity are the most effective strategies for 

eradication. However, in the absence of an available vaccine, handwashing, personal 
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protective equipment, and travel restrictions for vulnerable populations can be effective. 

Specifically, for diseases transmitted by animals, vector control may also be useful.

Theme 4: When it cannot be prevented, congenital infection is treatable

While the efficacy of interventions during pregnancy are still being explored, there are many 

opportunities to mitigate disability due to congenital infection during the neonatal period 

and into childhood (Fig. 1). For many of these interventions, early implementation is 

associated with better outcome. Specifically, while antivirals are still under active 

investigation, many current therapeutic approaches are known to be effective. For example, 

infants with sensorineural hearing loss may be candidates for hearing augmentation or 

cochlear implants62 and infants with developmental delay benefit from early intervention 

services.63 Furthermore, knowledge of the cause of a developmental disability can be 

important to assess the risk to future pregnancies.

Theme 5: Because they may be treatable, diagnostic testing is important to identify cases

Of note, during the critical period of opportunity to mitigate disability, many patients are 

asymptomatic. For this reason, good diagnostic testing coupled with surveillance or 

screening programs to identify which individuals are at risk is critical. Whether this is done 

through surveillance or screening of all pregnant females or all infants remains to be 

determined.

PERSPECTIVE ON DEVELOPMENTAL DISABILITIES AND EMERGING 

INFECTIONS

Most recently, the COVID-19 pandemic, caused by the novel coronavirus SARS-CoV-2, has 

affected all segments of the world’s population, and raised concerns about fetal risk. 

Although this story is still evolving, the risk of passing the infection to the fetus appears to 

be very low. Furthermore, neurological complications of SARS-CoV-2 appear to be 

associated with secondary systemic inflammation or hypoxia rather than a neurovirulent 

effect of the virus.64,65 At present, SARS-CoV-2 has not been demonstrated to be 

neurotropic or neurovirulent in adults. In one study of 55 pregnant females infected with 

SARS-CoV-2 and 46 neonates, there was no definite evidence of vertical transmission.66 

Another case series of 33 pregnancies identified SARS-CoV-29 infection in three newborns, 

but it is unclear if infection occurred in the womb or after birth.67 It is possible that maternal 

infection and the aftermath of infection, such as inflammatory responses, eventually may 

influence neurodevelopmental trajectories of the fetus. Longitudinal data will be needed to 

fully understand the impact of this novel virus on fetal outcomes. The principles discussed 

above will help guide clinical judgement and research development as the story unfolds.

CONCLUSION

Prenatal infections are a dynamic and solvable problem. History has provided valuable 

insights that have influenced the current and future management of prenatal infections. 

These guiding principles are important not only for families to understand their child, but 

also to devise public health and research strategies for prevention or treatment. Significant 
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strides have already been made to expand the understanding of how infections impact brain 

function. Moving forward, we hope that like rubella, the next generation will witness the 

eradication of some infectious causes of developmental disabilities.
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What this paper adds

• The list of prenatal infections associated with developmental disabilities 

continues to increase.

• Lessons learned from rubella, cytomegalovirus, and Zika virus have 

implications for new pathogens.

• Severity of illness in the mother does not correlate with severity of sequelae in 

the infant.
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Figure 1: 
Opportunities for intervention at different points in the timeline of prenatal infections 

associated with neurodevelopmental disabilities (NDD). (Illustration courtesy of royalty-free 

stock images on dreamstime.com).
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Table 1:

Prenatal infections associated with neurodevelopmental disabilities

Toxoplasmosis

Syphilis

Varicella

Parvovirus B19

Rubella

Cytomegalovirus

Herpes simplex virus

Congenital lymphocytic choriomeningitis syndrome

Human immunodeficiency virus

West Nile virus

Chikungunya

Coxsackie virus

Hepatitis virus

Zika virus
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Table 2:

Case definition for congenital rubella syndrome

Suspected Probable Confirmed

An infant who does not meet the criteria for a 
probable or confirmed case but who has one 
or more of the following findings:

• cataracts,

• congenital glaucoma,

• congenital heart disease (most 
commonly patent ductus 
arteriosus or peripheral 
pulmonary artery stenosis),

• hearing impairment,

• pigmentary retinopathy,

• purpura,

• hepatosplenomegaly,

• jaundice,

• microcephaly,

• developmental delay,

• meningoencephalitis,

• radiolucent bone disease

An infant who does not have laboratory 
confirmation of rubella infection but has at least 
two of the following, without a more plausible 
etiology:

• cataracts or congenital glaucoma,

• congenital heart disease (most 
commonly patent ductus 
arteriosus or peripheral 
pulmonary artery stenosis),

• hearing impairment,

• pigmentary retinopathy;

OR
one of the above AND one or more of the 
following:

• purpura,

• hepatosplenomegaly,

• microcephaly,

• developmental delay,

• meningoencephalitis,

• radiolucent bone disease

An infant with at least one of the 
symptoms clinically consistent with 
congenital rubella syndrome listed to the 
left, and laboratory evidence of congenital 
rubella infection demonstrated by one or 
more of the following findings:

• isolation of rubella virus,

• detection of rubella-specific 
IgM antibody,

• infant rubella antibody level 
that persists at a higher 
level and for a longer 
period of time than 
expected from passive 
transfer of maternal 
antibody (i.e., rubella titer 
that does not drop at the 
expected rate of a 2-fold 
decline per month),

• a specimen that is 
polymerase chain reaction-
positive for rubella virus

Adapted from cdc.gov from Manual for the Surveillance of Vaccine-Preventable Diseases.15
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Table 3:

Potential developmental disabilities associated with congenital infection

Immediately evident at birth Microcephaly, epilepsy, petechiae, purpura, jaundice, hepatosplenomegaly, hydrops, low birthweight

Evident after investigation Sensorineural hearing loss, retinitis, intracranial calcifications, hydrocephalus, thrombocytopenia

Evident long-term Cerebral palsy, intellectual disability, learning disability, attention-deficit/hyperactivity disorder, delayed-onset 
hearing loss, epilepsy, feeding disorders
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