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Interdisciplinary fetal-neonatal 
neurology training improves brain 
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Integrated fetal, neonatal, and pediatric training constitute an interdisciplinary 
fetal-neonatal neurology (FNN) program. A dynamic neural exposome 
concept strengthens curriculum content. Trainees participate in mentoring 
committee selection for guidance during a proposed two-year program. 
Prenatal to postnatal clinical learning re-enforces early toxic stressor interplay 
that influences gene–environment interactions. Maternal-placental-fetal triad, 
neonatal, or childhood diseases require diagnostic and therapeutic decisions 
during the first 1,000  days when 80 % of neural connections contribute to life-
course phenotypic expression. Pediatric follow-up through 3 years adjusts to 
gestational ages of preterm survivors. Cumulative reproductive, pregnancy, 
pediatric and adult exposome effects require educational experiences that 
emphasize a principle-to-practice approach to a brain capital strategy across 
the lifespan. More rigorous training during fetal, neonatal, and pediatric rotations 
will be offered to full time trainees. Adult neurology residents, medical students, 
and trainees from diverse disciplines will learn essential topics during time-
limited rotations. Curriculum content will require periodic re-assessments using 
educational science standards that maintain competence while promoting 
creative and collaborative problem-solving. Continued career-long learning by 
FNN graduates will strengthen shared healthcare decisions by all stakeholders. 
Recognition of adaptive or maladaptive neuroplasticity mechanisms requires 
analytic skills that identify phenotypes associated with disease pathways. 
Developmental origins and life-course concepts emphasize brain health across 
the developmental-aging continuum, applicable to interdisciplinary research 
collaborations. Social determinants of health recognize diversity, equity, and 
inclusion priorities with each neurological intervention, particularly for those 
challenged with disparities. Diagnostic and therapeutic strategies must address 
resource challenges particularly throughout the Global South to effectively 
lower the worldwide burden of neurologic disease. Sustainable development 
goals proposed by the World Health Organization offer universally applicable 
guidelines in response to ongoing global and regional polycrises. Gender, race, 
ethnicity, and socio-economic equality promote effective preventive, rescue 
and reparative neuroprotective interventions. Global synergistic efforts can 
be enhanced by establishing leadership within academic teaching hubs in FNN 
training to assist with structure and guidance for smaller healthcare facilities in 
each community that will improve practice, education and research objectives. 
Reduced mortality with an improved quality of life must prioritize maternal-
pediatric health and well-being to sustain brain health across each lifespan with 
transgenerational benefits.

OPEN ACCESS

EDITED BY

Diego Iacono,  
Atlantic Health System (AHS), United States

REVIEWED BY

Andrea Righini,  
Ospedale dei Bambini Vittore Buzzi, Italy
Michael Msall,  
University of Chicago Medical Center, 
United States

*CORRESPONDENCE

Mark S. Scher  
 mark.s.scher@gmail.com

RECEIVED 03 April 2024
ACCEPTED 20 June 2024
PUBLISHED 04 July 2024

CITATION

Scher MS (2024) Interdisciplinary 
fetal-neonatal neurology training improves 
brain health across the lifespan.
Front. Neurol. 15:1411987.
doi: 10.3389/fneur.2024.1411987

COPYRIGHT

© 2024 Scher. This is an open-access article 
distributed under the terms of the Creative 
Commons Attribution License (CC BY). The 
use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

TYPE Review
PUBLISHED 04 July 2024
DOI 10.3389/fneur.2024.1411987

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2024.1411987&domain=pdf&date_stamp=2024-07-04
https://www.frontiersin.org/articles/10.3389/fneur.2024.1411987/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1411987/full
https://www.frontiersin.org/articles/10.3389/fneur.2024.1411987/full
mailto:mark.s.scher@gmail.com
https://doi.org/10.3389/fneur.2024.1411987
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2024.1411987


Scher 10.3389/fneur.2024.1411987

Frontiers in Neurology 02 frontiersin.org

KEYWORDS

interdisciplinary fetal-neonatal neurology training, neural exposome, developmental 
origins, life course, brain health, healthcare disparities, diversity-equity-inclusion, 
global educational synergy

The neural exposome redefines 
neuroplasticity

Professional societies and health policy organizations now 
strongly advocate for life-course brain health (1, 2). This objective can 
be  more effectively achieved by recognizing the continuity of 
reproductive, pregnancy and pediatric exposome effects that influence 
a dynamic neural exposome across each person’s lifespan (3). The 
epidemiological concept of the exposome was first introduced to 
diagnose and treat cancer based on the totality of lifetime exposures 
with gene–environment (G × E) interactions (4). This approach is now 
applicable to improve neurodiagnostic, neurotherapeutic and 
prognostic decisions by considering a life-course neural exposome 
perspective regarding brain health (5). Formal training is followed by 
career-long re-application of neurological principles and practice to 
facilitate the maintenance of brain health for all persons across 
the lifespan.

An interdisciplinary fetal-neonatal neurology (FNN) educational 
approach is proposed that will help advance precision-medicine to 
improve life-course brain health. Supervised clinical encounters by 
trainees offer strategies to avoid or minimize disease effects that 
represent early life maladaptive neuroplasticity. Two surveys regarding 
training experiences in fetal-neonatal medicine stress the need for this 
specific subspecialty training. An earlier report was based on multiple 
pediatric subspecialist responses followed by a more recent survey 
specifically directed to pediatric neurologists. The earlier study results 
concluded that pediatric neurologists received the least training in 
FNN. The more recent survey completed by pediatric neurologists 
indicated their preference to acquire enhanced educational 
experiences in this subspecialty (6, 7).

Ontogenetic adaptation (OA) is a robust evolutionary principle 
(8) applicable to all biological disciplines across the developmental-
aging continuum. Relevance of past experiences improve or impair 
future structure and function through multisystemic effects. This 
concept can assist all neurology subspecialists to better recognize 
phenotypic expressions that reflect positive or negative neuroplasticity 
across each lifespan. Clinical signs that represent dynamic OA changes 
occur during critical/sensitive time periods starting with the first 
1,000 days. This interval encompasses reproductive, pregnancy and 
early life experiences until 2 years of age during which 80% of 
neuronal connections have been established (9, 10). Multisystemic 
adaptive responses to disease and adversity promote survival and 
positively influence brain connectivity across advancing 
developmental-aging stages. Earlier adaptive changes respond to later 
adverse experiences by minimizing or avoiding negative consequences. 
Improved outcomes result in response to positive stressor effects. 
Maladaptation alternatively may occur based on the intensity and 
specific combination of stressor effects that limit or reverse earlier 
positive modifications. Multiple negative encounters promote 
permanent maladaptive neuroplasticity which will later be expressed 

across the lifespan as neurological dysfunctional phenotypes (11), 
sometimes identified with structural brain lesions. These abnormal 
phenotypes may be  expressed initially as fetal, neonatal, or early 
childhood neurologic disorders, or alternatively appear more remotely 
during the adult stage of the life cycle.

Endogenous and exogenous toxic stressor interplay (TSI) exert 
life-long harmful effects through G × E interactions in response to 
communicable and non-communicable illness and adversity (3). This 
functional exposome concept is applicable to a dynamic neural 
exposome that will change expressions across time (Figure 1) (11). 
Abnormal form and function result from cumulative TSI effects that 
represent evolving maladaptive neuroplasticity responses over the 
lifespan. Adverse effects are first expressed by women’ s health status 
before each pregnancy. These abnormal diseases or adversities 
subsequently impair maternal-placental-fetal (MPF) triad health. 
Parental and familial inherited conditions contribute to fetal genetic 
expressions are further altered by post-translational acquired disease 
processes representing dysregulatory neuronal changes at any time 
across pregnancy. Childhood followed by adulthood neurologic 
phenotypes are later expressed, unique to each person’s dynamic 
neural exposome. Transgenerational effects perpetuate (12) 
neurological disease presentations. Diagnostic skills are needed that 
preserve brain health by reducing negative effects from multiple 
stressors before and during each person’s lifespan by selecting the 
most effective neuroprotective interventions. Prolonged survival with 
an improved quality of life are therefore dual objectives required for 
the education of all neurology subspecialists.

Equitable healthcare delivery requires implementation of social 
determinants of health applied to a lifetime brain capital strategy. 
Women’s and children’s health initially need to be  addressed to 
effectively promote brain health for adult women and men. This will 
be more successfully achieved through global synergistic actions that 
implement four key components that introduce surveillance, 
prevention, acute care, and rehabilitation interventions into 
neurological training applicable to practice and research. Cooperation 
among all stakeholders regarding clinical decisions can more 
effectively reduce the global burden of neurological disease. 
Identification of resources and addressing deficiencies are specific to 
a community, region or nation (13).

The following proposed fetal-neonatal neurology (FNN) 
curriculum proposal offers an educational blueprint that can help 
promote equitable healthcare. Periodic revisions in the educational 
content requires continual integration of the knowledge gained from 
neuroscience advances. Necessary educational resources are needed 
to maintain the operation of these programs. An academic medical 
center hub model of brain healthcare education can best align to the 
specific requirements of the community, region, and nation. Improved 
life-course brain health through career-long learning (14) can 
be achieved by practice standards extending from this hub out into all 
spokes of the wheel represented by smaller healthcare facilities. 
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Synergy among all stakeholders promotes clinical practice, educational 
and research objectives. Application of the 17 sustainable development 
goals proposed by the United Nations World Health Organization 
(WHO), with international professional group partnerships can 
support worldwide efforts to achieve equitable life-course brain health 
(15, 16).

Interdisciplinary approaches to FNN training strengthen career-
long learning for all neurological subspecialties as well as diverse 
medical disciplines, guided by these WHO sustainable goals (3, 6). 
Curriculum content should integrate scientific advances regarding 

knowledge of the neural exposome concept to offer more accurate 
diagnostic and therapeutic choices. Developmental origins and life 
course perspectives emphasize critical-sensitive time periods of 
neuroplasticity beginning during the first 1,000 days. Adjustments will 
later occur particularly during the person’s adolescence and 
reproductive senescence. Siloed approaches by stakeholders 
alternatively impede research, innovation, regulation and funding 
efforts, resulting in less effective clinical decisions across healthcare 
disciplines. Interdisciplinary FNN training applied to career-long 
clinical practice helps promote healthcare, education, and research 

FIGURE 1

A functional exposome approach across the lifespan is illustrated that is applicable to the neural exposome (11). A top-down approach uses molecular 
epidemiological studies focused on biologic response profiles associated with identified xenobiotic exposures using “omics” technologies that analyze 
host biospecimens. This approach generates hypotheses regarding exposure-disease and exposure-response relationships without necessarily 
capturing direct measures of exposure. Applying the bottom-up approach, comprehensive data on environmental exposures are collected through 
surveys, sensors, or trace chemical analyses of biospecimens to generate hypotheses on effects without necessarily investigating a specific effect on 
the host. This functional exposome perspective bridges both approaches to improve an understanding of the expression of brain health or disease. A 
functional neural exposome is similarly comprised of biologically active exposures that influence the nervous system through adaptive or maladaptive 
neuroplasticity mechanisms. Serial evaluations assess associations among environmental exposures and biological effects on the brain health or 
disease across development and aging.

https://doi.org/10.3389/fneur.2024.1411987
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Scher 10.3389/fneur.2024.1411987

Frontiers in Neurology 04 frontiersin.org

objectives to benefit all persons through the lens of diversity, equity, 
and inclusion (DEI). This brain capital strategy applies across 
neurological subspecialties to reduce mortality and sustain brain 
health within and across each generation (17).

Interdisiplinary fetal-neonatal 
neurology program objectives

Principles-to-practice application of clinical skills in FNN for all 
neurologists requires an educational curriculum modified for each 
subspecialty. Adult neurology trainees benefit from a working 
familiarity of FNN during their time-limited pediatric neurology 
rotations. An appreciation of developmental disease pathways will 
later help guide diagnosis and treatment of neurological disorders in 
the aging brain. Adult neurology residents will be better prepared to 
consider developmental origins and life-course perspectives during 
adult practice, education, and research activities relevant to 
cerebrovascular, neurodegenerative, and epileptic disorders for 
women and men. Pediatric subspecialty residents, nurses and 
therapists represent a diverse group of rotating trainees across many 
disciplines who also benefit from these training experiences. Medical 
students emersed in FNN rotations during their earlier postgraduate 
education will strengthen their career paths applicable to the selection 
of primary care or subspecialty training in their chosen 
healthcare fields.

Pediatric neurologists who choose FNN as their career path 
require more intensive bedside and didactic experiences. This training 
program strengthens their diagnostic skills to be  applied when 
children later require evaluations into young adulthood. More precise 
identification of life-long neurologic disorders begin with their 
heightened awareness of risks from early life brain disease exposures 
over the first 1,000 days. FNN enhances traditional pediatric neurology 
curriculum training through an educational approach that emphasizes 
the continuity of reproductive, prenatal, and childhood experiences to 
better identify risks and consequences from disease and adversity. 
Emphasis on the woman and the developing maternal-placental-fetal 
(MPF) triad guide diagnostic perspectives regarding trimester-specific 
disease stressors that initially may impair the fetal brain. Adverse 
effects on each person’s dynamic fetal neural exposome begins with 
prenatal neural maldevelopment expressed as anomalous or 
destructive lesions that promote neonatal and early childhood 
neurologic disease consequences.

Prenatal-to-postnatal continuity of risks or injuries contribute to 
childhood neurologic sequelae. A preterm and full-term newborn 
minority presents with the “great neonatal neurological syndromes” 
expressed as encephalopathy, seizures, and stroke (18). These earliest 
postnatal phenotypes represent disease pathways that often correlate 
with earlier antepartum time periods and etiologies. Childhood 
neurologic disorders subsequently present as “the silent majority” who 
remain asymptomatic during earlier evaluations despite cumulative 
disease risks or subclinical expressions of disease pathways. Childhood 
communicable and noncommunicable disease and adversity 
subsequently are encountered through adolescence that initiate 
permanent brain injuries, sometimes superimposed on previous 
vulnerabilities. Childhood TSI subsequently contributes to reduced 
adult brain health when expressed through reproductive senescence 
from later life disease and adversity (3).

Workflow and curriculum content 
during FNN training

A recommended 2-year FNN program is presented that extends 
formal training beyond the present one-year programs now offered. 
Organizations such as the United Council of Neurological 
Subspecialties (UCNS) in the United  States offer certification in 
neonatal neurocritical care for practitioners who successfully pass an 
online examination.1 Multiple neurological subspecialties previously 
have received endorsements by the UCNS representing their 
respective professional organizations. Trainees for all these programs 
are required to pass an approved certification examination developed 
by selected experts within each discipline. This process more recently 
introduced suggested training requirements to satisfy FNN 
certification. Neonatal neurocritical care (NNCC) is presently 
emphasized compared with fetal and pediatric learning experiences. 
Two reasons contribute to this approach: the time restraint that 
requires accommodation to the currently assigned 12-month training 
period, as well as the relative paucity of experienced faculty and 
required resources at most teaching institutions to offer an integrated 
approach involving the three components of the proposed FNN 
program. Revisions to the program duration and curriculum content 
will re-balance fetal, neonatal, and pediatric program components to 
offer more opportunities to learn specific subtopics during each of the 
three rotations. These reassessments will require consensus among 
those designated as the FNN leaders in this growing interdisciplinary 
field. Re-definition of the minimally competent trainee who can pass 
the certification exam will require re-consideration as changes in the 
depth and breadth of the curriculum content are offered during 
future training.

Improved neonatal neurological care with more systematic 
pediatric follow-up to clinically manage children with neurological 
disorders has been the motivation for the organization of these 
one-year training experiences. Education will presently be achieved 
primarily through self-administered training, guided by an outline of 
suggested curriculum topics. Present opportunities to achieve 
certification by practicing pediatric neurologists and neonatologists 
will also rely on institution-specific resources to provide protected 
time to meet FNN program certification requirements. Individual 
practitioners outside of existing programs alternatively can acquire 
knowledge of curriculum content based on a case-based learning 
model. Opportunities to travel and work at more established programs 
may be  possible for selected trainees to strengthen their 
learning experiences.

The proposal of a two-year program established at an increasing 
number of combined obstetrical-pediatric medical centers with 
academic affiliations will more effectively offer comprehensive 
curriculum directed by experienced faculty. Adjustments in training 
requirements for trainees will adhere to specific educational objectives 
guided by mentoring committee recommendations 
(Appendices 1A–B). Implementation of systematic monitoring of the 
trainee’s clinical and didactic progress will be part of this educational 
experience. Protected time beyond patient care will require their 
respective institutions to provide funding for trainee and faculty 

1 https://www.ucns.org
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salaries requiring the necessary educational materials. These financial 
obligations may require shared support among the individual 
institution, government-supported research grant funds 
and philanthropy.

Interdisciplinary FNN training encompass three integrated 
neonatal, fetal, and pediatric clinical experiences. A trainee’s time 
during each rotation will emphasize continuity of care relevant to the 
first 1,000 days of early brain development. Clinical follow-up through 
3 years of age will adjust to the chronologic age of preterm survivors 
based on their gestational age at birth (Table  1). Throughout this 
proposed 24-month training period, trainees will participate in 
supervised “bedside” healthcare encounters, supplemented by didactic 
“classroom” participation. Both experiences re-enforce curriculum 
content to be later applied during career-long learning. Knowledge of 
FNN by all neurologists is best achieved by consideration of a dynamic 
neural exposome concept throughout the lifespan that preserves 
brain health.

The neonatal neurology component 
of a FNN program

Neonatal neurocritical care (NNCC) is often required following 
problematic events during parturition. This will remain the central 
training focus for trainees to acquire a more comprehensive 
understanding of this symptomatic neonatal minority who requires 
intensive care. Resuscitative care paths apply peer-reviewed practice 
guidelines designed to reduce mortality and morbidity for this 
vulnerable population. These clinical pathways teach emergent 
healthcare choices for children who experienced difficult fetal-to-
neonatal transitions. Trainees must understand neonatologists’ 
strategies as they address acute multi-system dysfunction in response 
to obstetrical practice choices that include emergent decisions. Chosen 
treatments strive to promote survival and functional recovery. 
Learning objectives must integrate anticipated healthcare 
readjustments during acute, subacute, and convalescent stages in the 
neonatal intensive care unit (NICU) to achieve the most favorable 
medical status by the child’s discharge. Neurologic phenotypes, 
however, are often expressions of combined fetal and neonatal disease 
pathways with increased risks for neurological sequalae. Antepartum 
injuries to an immature and vulnerable fetal brain more likely 
contribute to more severe adverse outcomes during parturition that 
require resuscitation and intensive care. Fetal followed by neonatal 
complications increase the probability for survivors who later confront 
life-long neurological disorders beginning during early childhood.

Interdisciplinary neonatal neurocritical care (NNCC) training 
requires interactions among multiple pediatric medical-surgical 
subspecialties, including neurological subspecialists. Working 
knowledge of technical interpretations require patient-specific clinical 
correlations. This learning process requires selection of appropriate 
neurophysiological, neuroradiological, perinatal pathological and 
neurogenetic testing options. Supervised assessments using each 
testing modality are performed. Trainees need to learn current peer-
reviewed classifications regarding neonatal encephalopathy (NE) (19), 
EEG (20), MRI (21), and placental abnormalities (22) to improve their 
understanding of disease mechanisms, interventions, and prognosis 
as they improve their historical and examination skills. Clinical 
mimicry must be  anticipated individually or with different 

combinations expressed as the “great neonatal neurological 
syndromes.” This analytic approach will help improve recognize and 
reduce bias to promote effective shared decisions with families. 
Diverse disease pathways contribute to abnormal neonatal phenotypes 
over variable time intervals (3). Cumulative effects of prenatal TSI may 
previously have threatened MPF triad health resulting in fetal brain 
injuries. Subsequent clinical expressions during peripartum and 
neonatal periods may be distant from the onset of the disease pathway.

Educational experiences rely on a multi-systemic approach 
directed by neonatologists who coordinate multidisciplinary 
consultations. These educational experiences also require nursing, 
therapist, child-life, and social work participation. These healthcare 
providers strengthen the trainee’s bio-social perspectives that promote 
more accurate clinical skills. Effective developmental care choices with 
sustained communication efforts with parents and families maintain 
cooperation and trust. Supervised evaluations with neuropalliative 
teams further prioritize the importance of effective dialog to support 
family beliefs and values as they confront their medically fragile 
children’s challenges (23). These experiences help the trainee learn 
shared clinical decisions through compassionate care. Learning the 
science of uncertainty is an essential educational component since 
prospective diagnostic decisions are provisionally based on limited 
information (24). Trainees are instructed to pursue greater 
retrospective understanding of each woman’s reproductive and 
pregnancy health histories based on additional information acquired 
at family meetings, supplemented by critical re-review of the medical 
records of parents, the pregnancy and their child. These insights 
enhance time-dependent diagnostic choices relevant to MPF triad 
disease pathways that contribute to neonatal neurological phenotypic 
presentations. This approach increases awareness of childhood risks 
for neurologic sequelae and provides a more accurate diagnostic 
roadmap for providers after discharge.

The phrase “reproductive risk and the continuum of caretaking 
casualty” was introduced over a half century ago, more recently 
re-emphasized as the field of FNN emerged (25). Researchers initially 
designed birth cohort studies to investigate factors responsible for 
high maternal and pediatric mortalities following World War II (26, 
27). Women’s health during their pregnancies in response to TSI was 
emphasized relative to the prevailing medical care practices during the 
latter half of the 20th century. Suspected associations with childhood 
neurologic sequelae such as cerebral palsy and epilepsy in one 
American-based birth cohort study of mother–child dyads through 8 
years of age (28). These early maternal and pediatric research 
perspectives helped strengthen skills for successive generations of 
clinicians as the fields of neonatology, maternal-fetal medicine, and 
pediatric neurology were established and expanded. More demanding 
training requirements will be required as new information requiring 
multiple exposome effects are investigated. Diagnostic and therapeutic 
developments applied to future FNN training will contribute to 
improved brain health across each lifespan and for future generations.

The fetal neurology component of a 
FNN program

Trainees will apply their NNCC learning experiences during 
multiple types of fetal neurology consultations throughout a woman’s 
pregnancy. Combined obstetrical-pediatric medical centers provide 
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TABLE 1 Clinical “Bedside” FNN training opportunities.

Clinical settings Training experiences

Preconception surveillance Maternal-pediatric diseases/adversities

  Obstetrical service High-risk pregnancies/AMEs

  Pediatric service Childhood diseases/ACEs

First trimester surveillance Adolescent pregnancies

Planned vs. unplanned pregnancies

  Maternal levels of care Identify four levels of care based on risk

   Sonographic landmarks MPF triad, placental-cord implantation/development

   Serologic screening Communicable/non-communicable diseases-systemic, neurologic

   Genetic screening Chromosome, microarray, WES, GWAS tests

Second trimester surveillance

  Levels of care reassessed MPF triad health risks identified

   Anatomic survey System-specific relevant to the developing neuroaxis

   MFM/genetic referrals Multisystemic secondary effects on the fetal brain

Primary brain anomalous/destructive lesions

  Interdisciplinary MFM service

   Fetal neurology consultations Serial MPF triad assessments focused on fetal brain effects

   Fetal imaging services Sonographic biometry and brain or systemic anatomical descriptors (e.g., nuchal transparency, brain malformations, general organ 

anomalies)

Functional descriptors: state transitions (non-stress test), fetal movements, biophysical scales, doppler flow indices

Fetal MRI: improved resolution-brain/multiorgan/placental structures

   MFM conferences Serial interdisciplinary diagnosis/prognosis

Antepartum surveillance/planning for fetal interventions

Optimal preterm delivery options for mother and child

Third trimester surveillance

Late pregnancy interdisciplinary evaluations that address worsening MPF triad diseases

Plan peripartum obstetrical options/exit procedures

Maternal hospitalizations

Acute infectious, hypertensive, metabolic, mental disorders

Complications from primary neurological diseases

Maternal intensive care illnesses

Peripartum/neonatal services

Obstetrical choices during labor and delivery

Intrapartum fetal surveillance testing choices

Acute neonatal neurocritical care practices

Resuscitation/multisystem priorities by all providers

Continuity for stepdown neurocritical care

Multi-system assessments/diagnostic testing choices

Developmental/therapy/neuropalliative interventions

Shared decisions/conferences with all stakeholders

Convalescent stage and discharge planning

Transitional family conferences with primary care/early Intervention referrals

Pediatric services

Primary care Health maintenance/wellness programs/assess ACEs

Neonatal follow-up program Multisystem/developmental risks/medically vulnerable child

(Continued)
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more comprehensive opportunities to learn reproductive and 
pregnancy health assisted by multidisciplinary healthcare providers. 
Supervised fetal neurology consultations during these prenatal clinical 
encounters strengthen the subsequent neonatal neurology and 
pediatric components of this proposed FNN program.

Consultations are often initiated based on abnormal fetal 
surveillance test interpretations. Abdominal sonographic findings are 
presently the principal source of information that initiate a fetal 
neurology consultation based on the identification of fetal brain 
anomalous or destructive lesions (28, 29), often during multi-organ 
surveys performed between 18 and 22  weeks’ gestation. Accurate 
neurological assessments by trainees must therefore begin with 
acquisition of skills to recognize brain lesions (Table  2) initially 
identified by sonography. Future training opportunities for 
certification in sonography by fetal neurologists will resemble 
established programs for fetal cardiology training (30). 
Interdisciplinary medical-surgical cardiology programs have 
presented the opportunities and challenges when evaluating children 
with congenital cardiac lesions to optimize prenatal and postnatal 
interventions. Similar skills for fetal neurologists will be required by 
interdisciplinary FNN programs. More effective diagnosis of fetal 
brain disease pathways associated with anomalous or destructive 
lesions will select effective neuroprotective interventions. Fetal 
behavioral assessments representing state transitions help detect 
abnormal clinical signs using 4-D sonography and doppler studies as 
important functional assessments (31, 32) when compared with 
structural abnormalities on fetal neuroimaging. Second and third 
trimester fetal brain MRI studies often help better detect lesions using 
the improved sensitivity and specificity of fetal MRI technologies that 
exceed sonographic resolution. Neonatal brain MRI subsequently 
offer even more superior postnatal imaging detection. Serial 
comparisons of prenatal with postnatal sonography and MRI images 
will improve the detection and evolution of neuropathological lesions 
associated with fetal brain disease pathways later are influenced by 
subsequent neonatal followed by childhood diseases.

Fetal neurology consultations require knowledge of 
periconception and early pregnancy disease pathways. More extensive 
testing choices supplement sonography (33–36) (Table 3). Fetal brain 
disease pathways may be represented by infectious, serologic, genetic, 
and xenobiotic biomarkers based on maternal or fetal blood results, 
together with urine, serous or amniotic fluid analyses. Test 
interpretations include cell-free biomarkers that improve detection of 
specific trimester-specific disorders that affect the MPF triad. Accurate 
FNN diagnostic choices require an understanding of the triad’s 

physiological responses to TSI, guided by choices and interpretations 
of diverse testing modalities in addition to fetal sonography selected 
throughout pregnancy.

Early pregnancy biomarkers often represent trophoblastic 
maldevelopment associated with diverse uteroplacental disease 
pathways that began days after fertilization. Placental, cord and 
uterine pathologies often interact to produce adverse outcomes 
expressed by the MPF triad. This often follows first trimester 
developmental consequences affecting the remainder of the pregnancy 
(18). Three principal placental disease mechanisms need to 
be individually considered or in different combinations to interpret 
test results to accurately represent complicated disease effects on the 
MPF triad.

Maternal immune activation (MIA) (37), ischemic placental 
syndrome (IPS) (38) and fetal inflammatory response (FIR) (39) 
individually or through different combinations contribute to diverse 
MPF triad diseases which contribute to fetal brain injuries. MIA 

TABLE 1 (Continued)

Clinical settings Training experiences

Early intervention program Multi-therapy interventions/preschool planning

Pediatric subspecialty referrals

Outpatient clinic evaluations System-specific including behavior/mental health

Epilepsy service

Sleep service

Hospitalizations including pediatric 

intensive care

Acute presentations/neuropalliative decisions

Modified from Scher (3). AMEs, adverse maternal experiences; ACEs, adverse childhood experiences; WES, whole exosome sequencing; GWAS, genome-wide association studies; MFM, 
maternal fetal medicine; MPF, maternal-placental-fetal.

TABLE 2 Major fetal brain lesions documented by fetal imaging.

Developmental neuroaxis 
lesion categories

Neural anomaly 
examples

Neural tube defects Anencephaly

Encephalocele/meningocele

Myelomeningocele

Caudal regression

Neuronal migration disorders Schizencephaly

Lissencephaly

Posterior fossa malformations Dandy-walker syndrome

Chiari type II malformation

Ventricular abnormalities Ventriculomegaly

Progressive hydrocephalus

Midline brain abnormalities Holoprosencephaly

Agenesis of the corpus callosum

Septo-optic dysplasia spectrum

Vein of Galen vascular anomaly

Miscellaneous Hydranencephaly

Porencephaly

Tumors

Hemorrhages
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represents varying degrees of early pregnancy graft vs. host 
immunological incompatibility that may contribute to fetal death with 
a miscarriage. Survivors alternatively experience impaired placental 
nutritional and growth substance delivery and waste removal. Fetal 
progenitor neuronal population abnormalities may result that 
subsequently promote maladaptive consequences with suboptimal 
fetal brain connectivity with continued maturation. Two 
histopathological lesions exemplify T-cell mediated incompatibility 
associated with MIA, villitis of unknown etiology (40) and maternal 
floor infarction/massive perivillous fibrin deposition (41). Another 
disease pathway associated with FIR also resembles early pregnancy 
immunological intolerance like MIA (39). Pathogen-associated 
communicable diseases as well as non-communicable immune 
incompatibility disease pathways need to be  considered when 
formulating a differential diagnosis.

IPS is associated with defective angiogenesis within the 
functional hemochorial placenta as the secondary yolk sac is 
replaced following 10–12 weeks of gestation. Maternal or fetal 
malperfusion lesions associated with IPS can contribute to 
destructive fetal brain injuries. Greater risks emerge as fetal growth 
demands increase throughout the latter half of pregnancy. 

Etiopathogenesis involve disease pathways that begin with first 
trimester contributions. Abnormal precursor trophoblastic 
development will lead to impaired placental vasculature associated 
with maternal decidual or fetal villous circulation. Resultant brain 
injuries may be combined with pre-existing MIA-induced abnormal 
fetal brain changes (38, 42).

FIR represents two forms of inflammatory responses that are 
experienced during early or late pregnancy (39). The earlier disease 
pathway was described above leading to miscarriage as an MIA-related 
brain disease pathway involving immunological incompatibility. Later 
presentations of FIR often result from ascending vaginal infections 
that invade the placental membranes. The evolution of this disease 
process influences the initiation of parturition, resulting in preterm or 
full-term suboptimal deliveries associated with fetal brain injuries. 
Etiopathogenesis associated with FIR-related brain injuries 
encompasses combined hypoxia-ischemia and inflammatory-
mediator adverse effects on neuronal structure and function, 
expressed across defective placental and fetal blood–brain barriers 
(43). Earlier first trimester cord anomalies and uterine myometrial 
lesions also contribute to increased risks for adverse outcomes when 
combined with MIA, IPS or FIR effects throughout the pregnancy.

TABLE 3 Prenatal diagnostic tests with abnormal outcomes.

Test choices Maternal-fetal outcomes

Alpha fetoprotein High: neural tube defects (NTDs), omphalocele, gastroschisis, bowel obstruction

Low: Down’s syndrome

Combined with free-beta HCG, estriol, Placental-associated plasma protein A 

(PAPP-A)

Improved detection of NTDs, gastrointestinal anomalies

Genetic screening tools (parental disease or carrier state)

Pre-implantation tests-aneuploidy (parental blood), microarray, WES, GWAS Chromosomal abnormalities with brain malformations, genetic-metabolic defects-

autosomal, X-linked recessive

Early pregnancy-maternal/ fetal cell-free, cell-based Amniocentesis and villus 

sampling when indicated

Same; mosaicism

Trophoblastic-based studies (individual, combined)

PAPP-A Ischemic placental syndrome associated with pregnancy-induced hypertension and 

gestational diabetes; fetal growth restriction; stillborn, prematurity

Vascular endothelial growth factor Same adverse outcomes

Placental growth factor (PIGF) Same adverse outcomes

Estrogen (urine, blood) Same adverse outcomes

Placental lactogen Same adverse outcomes

Uric acid Same adverse outcomes

Later pregnancy biomarkers

Biometry and anatomical descriptors Fetal growth restriction, anomalies, destructive lesions

Biophysical scales (>32 weeks GA)

Nonreactive stress test (± vibroacoustic stimulation) Altered arousal states, dysautonomia

Fetal breathing movements Dysautonomia vs. primary pulmonary disease

Fetal muscle tone Low and high tone states

Amniotic fluid volume Polyhydramnios, oligohydramnios

Fetal movement count reportage Loss of fetal well being

Pulsatile umbilical/meningeal artery indices Loss of fetal well-being, fetal brain disorders or stillbirth

Toxicology screening Effects of neonatal abstinence syndrome (associations with maternal mental health 

disorders, socioeconomic stresses and lifestyle choice)
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Knowledge of reproductive and early MPF triad conditions 
strengthens the trainee’s appreciation of cumulative adverse effects on 
early fetal brain structure and function following fertilization and 
early placentation. Maldevelopment of transient structures such as 
within the ganglionic eminence or subventricular and subplate zones 
during the first half of pregnancy contribute to later adverse effects as 
cortical and subcortical structures develop during the second half of 
pregnancy (3). A comprehensive etiopathogenetic approach must 
consider interrelated MPF triad disease pathways that are continually 
influenced by TSI over three trimesters. Maternal communicable and 
non-communicable illness and adversity contribute to adverse 
prenatal exposome effects expressed as fetal brain injuries. An 
understanding of fetal multisystemic disease effects is essential 
resulting in secondary fetal brain injuries, exemplified by cardiac, 
pulmonary, gastrointestinal, and renal disorders. Greater details of 
these topics have been discussed elsewhere (3).

Knowledge of four presently defined levels of maternal care (44) 
provide trainees with an understanding of current practicalities 
regarding choices of obstetrical practice that identify and respond to 
pregnancy risks. Each woman and her partner’s reproductive health 
prior to each pregnancy must be  considered when selecting an 
appropriate level of care. Suggested improvements by stratification of 
risk are being investigated by the assignment of risk-appropriate (45) 
choices. Parental childhood diseases and adversities may impair 
fertilization before conception. Early placentation abnormalities 
during the first trimester contribute to embryonic and fetal brain 
disorders. These risks need to be  anticipated particularly with 
unplanned pregnancies, whether in high income or low-to-moderate 
resource countries (46). Adolescents of reproductive age represent one 
vulnerable population of young women who more often require high-
risk prenatal care (47). Preconception testing helps preserve or 
improve early pregnancy health for women of all ages, particularly for 
couples seeking medical interventions for infertility. More advanced 
diagnostic options will help anticipate risks leading to fetal brain 
injuries from MPF triad diseases detected throughout the first half 
of pregnancy.

Second and third trimester fetal neurology consultations 
subsequently may be  required when complications are more 
definitively identified. Negative effects on MPF triad health often 
present closer to delivery which can impair parturition physiology (48). 
Time-sensitive diseases during the latter half of pregnancy potentially 
contribute to destructive fetal brain lesions. Systemic maternal illnesses 
are associated with fetal brain injuries including hypertensive, diabetic, 
infectious, autoimmune, and mental health disorders. Adverse 
outcomes may occur despite reasonably effective medical interventions 
in response to observable clinical signs, offering limited diagnostic and 
therapeutic options (3, 18). Women’s primary neurological disorders 
such as intellectual disabilities, epilepsy, multiple sclerosis, and 
neuromuscular disease (49) introduce greater risks, particularly when 
combined with multisystemic disorders experienced during pregnancy, 
such as hypertension and diabetes. Complicated MPF triad conditions 
more often involve multiple clinical pathways that cumulatively 
contribute to increased risks for women with adverse effects to their 
children resulting in fetal brain injuries.

Clinical illnesses experienced during the latter half of pregnancy 
will benefit from interdisciplinary genetic, fetal imaging and multi-
disciplinary maternal-fetal medicine discussions. While fetal 
neurology consultations may not be formally requested, FNN training 

assists fetal neurologists when they participate in obstetrical and 
neonatal interdisciplinary discussions and conferences. Neurological 
perspectives can influence pregnancy management strategies and 
prognostic predictions particularly with complex medical situations. 
Trainees gain important insights regarding prenatal medical or 
surgical intervention choices specific to the available medical services 
provided at a particular obstetrical-pediatric medical center. Specific 
fetal medical-surgical interventions, vaginal vs. caesarian delivery 
options, and exit procedures may need to be  considered. Fetal 
transfusion treatments, fetal neurosurgical closure of dorsal neural 
tube defects and removal of a cystic hygroma exemplify procedures 
that are offered during complicated pregnancies at quaternary 
obstetrical-pediatric centers. Innovative rescue neuroprotective 
procedures continue to be  investigated which will emphasize the 
importance of preventive rescue, and reparative treatment options 
prior to the child’s birth.

The FNN trainee’s participation during maternal hospital rounds 
offers important perspectives when critically ill women require 
hospitalization to treat acute diseases. Increased risks for fetal brain 
injuries can result when women are confronted with significant 
medical complications. Severe preeclampsia, diabetic ketoacidosis, 
ascending genitourinary infections, sepsis, and acute mental health 
crises are principal reasons for these hospitalizations. This cohort of 
women also is more likely to experience postpartum complications 
which also increase their risks for death. This outcome is comparatively 
more likely with women who confront healthcare disparities (12). 
Medical errors of omission or commission regarding diagnosis and 
treatment options can result when multiple sources of bias are applied 
by providers, such as implicit, selection, and premature closure biases. 
These treatment challenges are particularly experienced by women 
and children who experience health disparities (50).

Peripartum considerations after fetal 
neurology consultations

Peripartum assessments of fetal distress during dysfunctional 
parturition remain essential to the fetal neurological component of 
FNN training. Clinical interpretations of fetal heart rate, oximetry, and 
intrauterine pressure monitoring results help qualitatively identify loss 
of fetal well-being sometimes associated with increased risks for fetal 
brain injuries. An understanding of the neuroprotective role of the 
robust evolutionary peripheral chemoreflex response is required 
which helps the trainee recognize why most fetal brain injuries are less 
severe or can be avoided (51, 52).

Trainees require an understanding of the obstetrical team’s 
prospective choice of maneuvers when attempting to preserve the 
child’s and mother’s health, by recognizing the science of uncertainty 
(25). Time-dependent decisions are often executed without prior 
knowledge regarding the presence or extent of antepartum MPF triad 
diseases given testing limitations and lack of historical details. These 
diagnostic obstacles are comparatively more likely in lower-level 
hospital care settings from which transport to level three facilities for 
the mother or neonate were required.

Adverse outcomes may also result in response to a woman’s 
request for specific medical interventions to deliver her child, 
preferably by vaginal delivery procedures. Complications may occur 
based on undetected antepartum uteroplacental vulnerabilities such 
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as defective placental implantation as well as cord (53) or myometrial 
abnormalities such as adenomyosis (54).

Partnership among obstetrical team members include midwives 
and doulas who can improve pregnancy literacy and promote more 
positive experiences for women and their partners. Respect for racial, 
religious, and cultural differences need to be recognized. These modes 
of prenatal healthcare delivery are particularly valuable in LMIC and 
HIC healthcare deserts where more limited resources prevail (55).

Neuroprotective protocols may require emergent resuscitative 
measures for children who expressed signs of fetal distress followed 
by neonatal encephalopathic signs (NE). Abnormal parturition 
associated with or without active labor may be associated with fetal 
heart rate abnormalities identified by three accepted abnormal pattern 
categories. Degrees of fetal distress as defined by these abnormalities 
offer guidance for alternate obstetrical options. However, there are no 
reliable associations that accurately predict the onset or worsening of 
brain injury based on current peer-reviewed research (56, 57). 
Unanticipated abnormal events may occur with or without more easily 
recognized sentinel events. Inborn neonates more likely will receive 
immediate access to neonatal resuscitation requiring transfer to the 
NICU. Outborn neonates are transported after resuscitation to higher 
level facilities that delay more effective intensive care interventions. 
Obstetrical and neonatal teams may also provide coordinated 
emergent medical interventions without knowledge of comprehensive 
reproductive and pregnancy histories during the peripartum time 
interval when emergent clinical decisions must be chosen.

Therapeutic hypothermia (THT) (58, 59) has been offered after 
specific clinical signs of NE are identified and accepted criteria met 
(60). This intervention is often offered when significant metabolic 
acidosis is determined on cord blood gas analysis. Limited 
improvements have been reported based on specific developmental 
domain outcomes by preschool ages of children. More severe clinical 
presentations, equipment unavailability and delayed presentation are 
reported that reduce the effectiveness of THT (61). No definitive 
outcome improvements have been reported based on current research 
results that combine THT with erythropoietin (62). Sarnat class 1 
presentations of NE are also comparatively more problematic. 
Unanswered questions regarding treatment efficacy are based on 
different timing and/or etiological scenarios. Encephalopathic 
neonates may not have incurred contemporaneous with brain injuries 
that require or benefit from THT intervention. The proposed time 
window during which acute disease may be responsive to THT is 
within 4–6 h, during which reduction of more severe programmed 
neuronal death can be achieved following hypoxia-ischemia. Complex 
etiologies over a longer time course may contribute to worse outcome 
from disease pathways (63, 64). Postnatal placental histopathological 
analyses may implicate antepartum disease pathways associated with 
MIA, IPS and FIR as previously discussed. THT administration after 
non-modifiable diseases such as FIR have no evidence-based benefits 
to provide fetal or neonatal brain rescue. Alternate therapeutic 
protocols require new research investigations that will address 
multiple disease pathways associated with neuroinflammation 
(65, 66).

Future studies require protocols that will consider timing and 
etiologies that influence MPF triad health. Reports of positive 
outcomes remain currently limited, given heterogenous subject 
selection without accurate stratification of risk. Post-hoc analyses of 
placental pathology are needed in future research protocols to help 

identify increased risks for sequelae. Four categories of placental 
lesions established by a panel of international experts in perinatal 
pathology have been presented and discussed (67, 68). Cord anomalies 
often accompany these placental lesions and are also associated with 
neurologic sequelae. Abnormal length, coiling, knots and insertion 
often originate during placentation in the first trimester (69). These 
retrospective analyses of placental-cord diseases will have increased 
prognostic significance when compared with single or serial 
neuroimaging interpretation. Cranial sonographic followed by 
postnatal brain MRI findings compared with fetal neuroimaging will 
more definitively offer etiologic considerations over different time 
intervals (70). Novel antepartum biological-chemical biomarkers will 
combine “omics” technologies with fetal neuroimaging findings to 
better identify abnormal molecular effects on the neural exposome 
from TSI before and during the peripartum period (3). Accurate 
detection of preclinical MPF triad diseases will more accurately 
identify dyads who will experience dysfunctional parturition and 
potentially benefit from current neuroprotective rescue interventions 
such as THT and erythropoietin. Proposed use of reparative 
neuroprotective therapeutics will apply innovative neuroscience 
investigations to identify biomarkers associated with chronic stages of 
neurodegeneration following weeks to months after hypoxic–ischemic 
onset (71). Serial use of fetal neurological testing will better detect and 
follow disease progression prior to the peripartum and offer future 
effective prenatal and postnatal neuroprotective interventions.

The pediatric component of a FNN 
program

FNN training continues following the child’s discharge from the 
NICU, comprised of serial pediatric evaluations in the outpatient and 
inpatient clinical settings. Coordination among primary care, hospital-
based neonatal neurodevelopmental follow-up, and community early 
intervention programs provide opportunities to assess children to 
better document normal or abnormal neurologic phenotypes during 
their first 3 years. This early life support will subsequently be applied 
to interventions into the child’s school years.

Children with prenatal and neonatal diseases more likely will 
present during the first 3 years with primarily developmental, epileptic 
and non-epileptic waking or nocturnal paroxysmal disorders. Other 
children may remain comparatively more resilient with less expression 
of neurological signs during early life. Positive functional 
neurodiversity (72) with less severe or no neurologic disease 
expression at younger ages may therefore be reassuring. However, 
early age-appropriate neurologic functions alternatively may 
be  misleading. Pervasive behavioral and mental health disorders 
might later present at older ages. Positive adaptive or negative 
maladaptive childhood outcomes through adolescence will depend on 
person-specific G x E interactions, supported by the family with 
assistance from interventional services. This strategy is based on the 
continuity of prenatal to postnatal disease and adversity exposures 
that encompass TSI with expression throughout childhood 
and adolescence.

While universal surveillance of neurodevelopmental status of 
survivors is now being reported by a Children’s Hospital Neonatal 
Consortium, commonalities and variances in practice highlight the 
continued need for future data sharing to develop best practices that 
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will strengthen pediatric outcomes (73). Preventive wellness 
approaches provide trainees with primary pediatric and family-based 
care perspectives based on office and bedside clinical skills. 
Identification of adverse childhood experiences contribute to negative 
outcomes that encompass social determinants of health, substandard 
parenting skills and poor lifestyle choices. Increased vulnerabilities are 
particularly experienced by individuals who have also been confronted 
with medical complications (74). Generalizability of these findings to 
non-academic and smaller follow-up programs remain an ever-
present challenge. This cited consortium report did not address details 
of the woman’s reproductive health or MPF triad health during 
pregnancy that influence the child’s early neurodevelopmental status. 
School-age cognitive disorders such as executive dysfunction or 
attention deficit disorder as well the DSM-5 defined mental health 
disorders such as anxiety and depression may later appear. Low birth 
weight or extremely preterm survivors (75) will require 
particular attention.

Interdisciplinary exposures by FNN trainees to developmental 
neuroscience requires an understanding of the translational relevance 
of animal to human comparative models (76). Developmental 
rehabilitation science also impacts the child’s motor, communicative 
and adaptive skills. Enriched environments can be offered by parent-
mediated healthcare together with professional developmental 
interventions. Brain computer interventions based on new 
technologies will optimize the abilities of children who are challenged 
with vision, auditory, neuromotor, communicative or 
neurocognitive deficits.

Importance of population-based registries

The WHO-ICF disability model has been an important 
component of community care disability optimization models since it 
was adopted by international consensus in 2001 (77–79). This concept 
supports a research component involving collaborative registries that 
develop and apply biomarkers to detect early-onset 
neurodevelopmental disorders. Commonalities regarding disease 
pathways regarding these registries will include categories such as 
children with fetal malformations, neonatal encephalopathy, extreme 
prematurity, genetic disorders, early onset epilepsy, and global 
developmental delays. Community registries are essential to support 
partnerships between public health agencies and special education 
systems that maximize needed resources to a region or nation. These 
registries will strengthen shared decision-making as children with 
diverse neurologic phenotypes are identified during the first 1,000 days 
such as autism spectrum, intellectual disability and communication 
disorders. A life-course strategy can subsequently be  chosen that 
optimize brain health for survivors who express these phenotypes 
across the lifespan. Informational and genomics science when 
appropriately applied using deep-state learning can assist with these 
population-based registries to improve diagnosis and neurotherapeutic 
choices (80).

Public health agencies for children with special health care needs 
require population-based registries that examine physical, 
neurodevelopmental, and family health outcomes during the first 
5 years of life with kindergarten entry. Emphasis on early identification, 
prevention and optimization through informed educational 
neuroscience practices (81–84) begin with school entry 5–6 years of 

age based on preschool neurodevelopmental assessments supported 
by public health initiatives (85–88). These registries must provide 
equity by offering interventions that address social determinants of 
health. Application of exposome measures to detect and follow TSI 
over developmental time include structural and functional gene–
environment biomarkers that represent reproductive, pregnancy and 
early life disease and adversity through age 3 years.

Cognitive and mental health disorders may be expressed at older 
ages after neurodevelopmental surveillance is completed with 
termination of these FNN programs by the child’s third birthday. 
Primary pediatric care or pediatric emergency care interventions 
subsequently represent the principal healthcare pathways when 
neurologic disorders later present. Prediction of later childhood 
challenges will be particularly difficult for those symptomatic younger 
children who “outgrow” earlier developmental delays or never 
clinically express early-life developmental disorders such as cerebral 
palsy, language delay or autistic spectrum disorder. Long delays often 
separate the onset of fetal or neonatal disease pathways resulting in 
pervasive dysmaturation or injury (89), and later clinical presentations 
during childhood, adolescence or early adulthood (90).

Continuity of neurologic care into later 
childhood and adolescence

Outpatient and hospital-based pediatric neurology consultations 
provide additional interactions with medical-surgical subspecialities 
when communicable and non-communicable system-specific diseases 
are identified throughout childhood. Pediatric neurointensive care 
consultations address the most critically ill subset of children who 
often involve medically fragile neonatal survivors. These populations 
require enhanced attention to address resource needs given increased 
risks for reduced life expectancy before adolescence or early 
adulthood. Recent meta-analyses present pooled data regarding 
survival primarily for adult cohorts (91). These algorithms predict 
earlier death during adult years, inclusive of those who experienced 
developmental disorders with achievement of ambulation and more 
functional abilities. Only 4 out of 70 published cohorts studied 
represented a younger pediatric population who were comparatively 
at higher neurologic risk for childhood death. Inclusion of mortality 
prediction for these more medically fragile childhood survivors need 
to be addressed to assess their risks for earlier death before adulthood. 
This approach realistically includes estimates of reduced life 
expectancy for those children who experienced early life severe 
brain disorders.

Supervised clinical encounters through 3 years of age in this 
proposed FNN program can nonetheless improve the trainees’ 
abilities to consider pre-school developmental interventions for 
educational needs. This chosen age limit adjusts to preterm survivors 
who require chronologic age correction based on their younger 
developmental ages to compensate for their gestational immaturity at 
birth. Serial assessments will help anticipate future behavioral and 
psychometric testing for older preschool and school-aged children. 
Cognitive, behavioral, and mental health challenges for older children 
will later require more standardized evaluations using 
neuropsychometric testing instruments that adjust for gender, race, 
socioeconomic class, and ethnicity. FNN trainees require a working 
knowledge of these testing tools. Equitable educational opportunities 
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must be offered to children with developmental disorders living in 
low-and middle-income countries (LMIC) as well as healthcare 
deserts within high-income countries (HIC) (92). FNN trainees must 
integrate DEI principles into shared clinical decisions to alert all 
stakeholders to provide medical and educational interventions for 
all children.

Didactic experiences for the FNN 
trainee

Non-clinical didactic opportunities for FNN trainees involve 
“classroom” teaching objectives that re-enforce clinical experiences 
gained with patient encounters. These experiences will re-enforce the 
perspectives of brain health or disease across prenatal, neonatal, and 
pediatric time intervals during the first 1,000 days of brain 
development that influences life-course brain health. Learning 
objectives are monitored by a diverse choice of faculty who offer 
discipline-specific expertise to each trainee while placing sustained 
emphasis on the importance of DEI. Potential teaching faculty include 
multiple pediatric subspecialists, as well as nursing, engineering, 
computer science and bioethics representation. Trainees’ early 
selection of their mentoring committees should include participants 
who will support their individualized career-long objectives that 
sustain professional growth. Research preparations, academic 
advancements and health care policy advocacy should be encouraged 
as specific career objectives are established.

All trainees over periodic intervals require evaluations to monitor 
their developing skills by adhering to current graduate medical 
education standards for inpatient and outpatient healthcare. A final 
certification examination as previously discussed is currently offered 
by an American-based organization identified as the United Council 
of Neurological Subspecialties (UCNS). Two-hundred representative 
test questions were initially prepared to test information acquired 
based on current FNN curriculum content. Practicing clinicians who 
qualify to take this first version of the exam must rely on their clinical 
practice experiences at their respective medical centers. They may 
have limited or no formal training experiences from experienced 
teachers or mentors. Test questions currently emphasize NNCC topics 
with comparatively less emphasis on fetal and pediatric components 
of this FNN program. Practical choices for determining the pass-fail 
set point for each exam question adjusts to the abilities of the 
minimally competent trainee as defined by the Angoff method (93). 
This certification process must adjust to healthcare disparities in 
LMIC including the Global South (94). Revised questions will need to 
prepare future test questions that more comprehensively represent an 
integrated approach involving the three components of this proposed 
FNN training program (Appendix 2). Emphasis on reproductive and 
pregnancy TSI effects on fetal brain health will stress the dynamic fetal 
neural exposome that will influence neonatal, pediatric, and adult 
brain health. These educational goals can be  more realistically 
achieved over the proposed two-year training time for trainees who 
are then required to pass this revised certification examination.

Regularly scheduled lectures will be led by trainees, supplemented 
by informal small group discussions with faculty supervision. Resident 
and medical student participation will further enrich these 
interactions. Departmental grand rounds and visiting lecturers help 
introduce trainees to a wider range of FNN topics. Involvement by 

multiple residency directors across disciplines, particularly in 
pediatrics, neurology, obstetrics, and psychiatry will help expand 
curriculum development through their respective 
educational perspectives.

Educational science principles need to be maintained to improve 
neuroscience teaching techniques directed to trainees in existing FNN 
programs as well as to additional sites when established. Modifications 
in teaching skills for rotating residents and students need to adjust to 
their less extensive training opportunities and requirements. 
Diagnostic skills specifically needed for a specific clinical situation will 
be adjusted to the full-time trainee, rotating resident or student (81). 
Teaching strategies will also be  adjusted to educational objectives 
required for students earlier during their post graduate training 
during medical school rotations in pediatric, obstetrics and neurology 
(95). Recognition of the heterogeneity of available educational 
assessment tools for trainees require modifications based on regional 
and national resource availability specific to HIC or LMIC. Evidence-
based educational practices require appropriate pedagogical 
approaches adjusted to the trainee’s learning environment either at a 
major teaching center or smaller community-based program. Access 
to computer-assisted teaching equipment can enhance artificial 
intelligence assisted learning, provided that careful oversight by 
teaching faculty is offered. Healthcare policies that prioritize DEI (96) 
need to emphasize women’s reproductive and pregnancy health for 
each trainee.

Planned research projects for the trainee will consist of 
representative case reports with literature reviews, systematic reviews, 
or primary research projects. Presentations at academic meetings and 
membership in professional organizations as junior members are to 
be  encouraged. Submission of at least one manuscript for peer-
reviewed consideration will be the mentoring committee’s expectation. 
Preparations for doctoral defense or for training components of 
NIH-supported research grants will adhere to the aims and objectives 
specific to these educational experiences for the specific trainee.

Combined clinical and didactic learning experiences provide 
trainees enhanced opportunities to recognize time-dependent fetal 
and neonatal diagnoses. This two-step diagnostic process requires 
acquisition of the necessary clinical skills to serially recognize evolving 
neurologic phenotypes while concurrently acquiring knowledge of 
disease pathways that consider genetic through multi-system 
interactions (18). Learning developmental neuroscience principles 
require critical review of the peer-reviewed scientific literature 
cognizant to review if continual updates. Cognitive approaches to 
decision-making must prioritize bio-ethical and bio-social principles 
that foster more effective communication among all stakeholders (97). 
Emphasis on DEI regarding maternal-pediatric healthcare issues 
address healthcare disparities that negatively affect women and 
children. More adverse outcomes for adult women and men may later 
be expressed across the lifespan. Recognition of healthcare deserts in 
HIC and LMIC-based communities are essential (98, 99) to address 
maternal and pediatric disparities that increase risks for adverse life-
course outcomes. Improved neuroprotective strategies need to expand 
beyond the white male standard that traditionally dominated past 
research study objectives. Models of healthcare and disease prevention 
and treatment must consider women’s healthcare perspectives 
anchored by DEI principles (100).

Table  4 summarizes the objectives for this proposed 
interdisciplinary FNN program. Clinical practice, educational and 
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research goals are individualized for trainees with the assistance of 
their mentoring committees. Teaching faculty in FNN will continue 
to strengthen their skills by continued involvement with FNN practice. 
Their educational contributions will need to adjust to the specific 
teaching center as their knowledge base strengthens through career-
long learning. Public health advocacy for women’s and children’s 
healthcare must remain a high priority, guided by DEI for both 
trainees and faculty. Established programs will require re-validation 
of curriculum content to meet certification based on future scientific 
advances in FNN-related topics. Curriculum revisions will 
be  incorporated into evidenced-based educational teaching tools 
when preparing updated certification examination questions.

Life-course effects to a dynamic 
neural exposome

FNN curriculum introduces the trainee to an understanding of 
exposome effects affecting the woman, MPF triad, fetus and young 
child through 3 years of age. Serial evaluations provide early life 
perspectives when assessing clinical phenotypes that represent a 
dynamic neural exposome (3). Prenatal and early postnatal 
consequences often contribute to permanent effects during these first 
1,000 days of brain development, recognized as the first critical/
sensitive period of neuroplasticity. Preclinical disease onset with 
evolution often precede phenotypic expressions over variable time 
intervals with both short-term adverse outcomes throughout 
childhood and long-term adverse outcomes during adulthood. 
Disease pathways often remain difficult to detect based on current 
examination and testing sensitivity and specificity limitations. 
Therefore, perspectives that apply FNN curriculum content must 
remain relevant to neurology principles and practice across 
the lifespan.

The concluding sections re-enforce the importance of formal FNN 
training for all neurological subspecialties to strengthen career-long 
learning. Accurate diagnoses and interventions can be offered that will 

maintain brain health. Cumulative clinical encounters are considered 
in the context of new peer-reviewed research advances that apply 
evaluations of TSI effects to a dynamic neural exposome. Unique 
biological-chemical interactions expressed by each individual involve 
tens of thousands of xenobiotic exposures over one’s lifetime (101). 
Variable resistance or vulnerability define the presence and extent of 
neurologic disorders given person-specific G × E interactions that 
influence neuronal mechanisms (102). Adverse geopolitical and 
climate conditions further increase the complexity of risks for 
sequelae (103).

Development of untargeted and targeted quantitative screening 
tools will enhance diagnostic and therapeutic options regarding 
complex interactions of factors that negatively alter neuronal 
connectivity. Metadata informatic analyses using artificial intelligence 
(104) will utilize deep-learning strategies to enhance assessments of 
reproductive and pregnancy health, exemplified by advances in the 
field of artificial reproductive technologies (71). More accurate 
biomarkers are needed to detect trimester-specific disease states of the 
MPF triad to select more precise therapeutic interventions. Adherence 
to DEI principles with each clinical encounter re-enforce for health 
providers in LMIC and HIC medical deserts relevance to improve 
diagnostic acumen (105).

Reproductive and pregnancy effects

Reproductive health risks of women and their partners begin 
before each pregnancy which subsequently diminish MPF triad health 
that contribute to fetal brain lesions. Girls of reproductive age and 
women who experienced childhood neurologic diseases threaten their 
health during pregnancy. Developmental disorders, epilepsy, multiple 
sclerosis, neuromuscular disease, and mental health disorders 
exemplify such disorders (49). Childhood systemic diseases contribute 
secondary detrimental effects on the fetal nervous system during 
pregnancy such as diabetes, hypertension, obesity, autoimmune 
disorders, mental health disorders and genitourinary/congenital 

TABLE 4 Objectives for a fetal neonatal neurology program.

 A. Improve clinical/educational pathways for trainees and teaching faculty

 a. time-specific: reproductive health, three trimesters of pregnancy, early childhood

 b. etiology-specific systems biology to recognize age-dependent phenotypes such as cerebral palsy

 c. gene–environment interactions affecting reproductive and pregnancy health based on toxic stressor interplay

 B. Consider disease pathways that represent maternal-placental fetal triad, neonatal and childhood phenotypes

 a. Trimester effects from maternal immune activation, ischemic placental syndrome and fetal inflammatory response

 b. “The great neonatal neurological syndromes”—preterm-full term encephalopathy, seizures, stroke

 c. Developmental disorders and paroxysmal disorders during the first 2 years

 C. Ontogenetic adaptation process redefines ontogenetic adaptation or maladaptive neuroplasticity expression

 D. Informatics and computer science infrastructure

 a. Integrate demographic, clinical, neurophysiologic, imaging, pathology, and genetic metadata sets

 b. Support a relational database with statistical/epidemiologic expertise

 E. Create/expand research programs with NIH-NSF-philanthropic support

 a. Institutional interdisciplinary collaborations

 1. Within departments/across schools (e.g., Medicine, Engineering, Nursing)

 b. Multi-institutional collaborations-birth cohort, cross-sectional, longitudinal research designs

 c. Collaborations with professional societies-white papers, guidelines etc.

 F. Public health policy advocacy (regional, national, international) through governmental, UN-WHO, NGOs regarding DEI
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infections (3). The recently defined field of matrescence (106) 
emphasizes positive and negative maternal effects during each 
pregnancy that influence women and their children, even when 
experienced after reproductive senescence. Maladaptive effects during 
each pregnancy impair the MPF triad through inflammatory, 
oxidative, and hypoxic disease pathways. Greater susceptibility to 
trimester-specific infectious, thrombotic, and hemorrhagic maternal 
disease states consequently contribute to fetal brain anomalous or 
destructive lesions (107). Risks are worsened by health care disparities 
confronted by vulnerable populations.

Genetic vulnerabilities from inherited parental and familial 
risks may be introduced during mitosis after conception. Complex 
post-translational modifications subsequently alter the developing 
fetal brain which may activate disease pathways by mechanisms, 
such as imprinting, somatic mosaicism, and epigenetic alterations 
(e.g., methylation, phosphorylation, histone modification etc.). G 
× E interactions continue to amplify these TSI effects as pregnancy 
continues which further reduces MPF triad health. Novel 
biomarkers will apply genomics research technologies to offer 
informational platforms that more precisely identify phenotype–
genotype comparisons to more precisely select therapeutic 
options (108).

Positive or negative exposome effects on the MPF triad represent 
G × E interactions based on the placental exposome (3). MIA, IPS and 
FIR, as discussed in the previous section, represent three interrelated 
trimester-specific placental disease pathways that adversely influence 
the fetal neural exposome. These placental diseases interact to impair 
MPF triad functions which contribute to fetal brain lesions. Significant 
adverse brain health effects have been reported based on identified 
placental gene-trait associations (109). Distal mediator-enriched 
transcriptome-wide placental biomarkers have been reported for a 
cohort of an extremely preterm survivors. These measures represent 
placental genomic dysregulation that result in altered developmental 
fetal brain programming expressed as specific short and long-term 
outcome diseases. Larger populations will more comprehensively 
identify additional genomic traits for a wider selection of 
neurologic sequelae.

Etiopathogenesis begins at conception based on parental 
reproductive risks which introduce genetic defects into both the 
embryonic placenta and fertilized oocyte following mitosis. Abnormal 
genetic codes contribute to placental maldevelopment associated with 
early precursor trophoblastic functions at the embryonic decidual-fetal 
interface beginning 2–8 days following conception. Abnormal 
development of the hemochorial placenta after 10 weeks post conception 
later impairs angiogenesis and villous maturation through the third 
trimester. Progenitor neuronal populations within the embryonic fetal 
brain form within the neural plate and crest beginning at 17–19 days 
post-fertilization. Similar abnormal genetic codes also contribute to 
dysmature development of microglia, macroglia or interneuron 
populations which negatively influence region-specific axonal and 
synaptic connections (3). This abnormal fetal neural connectome may 
result from MPF triad diseases that progress throughout a preterm or 
full-term pregnancy. Proposed volumetric and functional brain-
placenta MRI imaging comparisons will more accurately detect 
suboptimal interactions in response to TSI (110, 111). Cumulative 
negative effects to this dynamic fetal neural exposome will subsequently 
contribute to suboptimal responses during parturition for those who 
then require neonatal intensive care. Preterm and full-term expressions 

of the “great neonatal neurological syndromes” of encephalopathy, 
seizures and stroke will subsequently require NNCC interventions.

Childhood and adult effects

Antepartum, peripartum and neonatal disease pathways 
cumulatively increase risks for brain disorders following NICU 
discharge. Childhood communicable and noncommunicable diseases 
experienced at progressively older ages initiate or worsen brain injuries. 
Risks for neurologic sequelae increase following infections, cranio-
cerebral trauma, or multisystemic diseases which separately or 
collectively impair the childhood nervous system with adulthood 
effects. Adverse childhood experiences related to social determinants of 
health, suboptimal parenting skills, poor lifestyle choices and xenobiotic 
exposures further enhance risks for neurologic morbidities. Childhood 
neurologic dysfunction may be expressed as any combination of motor, 
cognitive, language and social adaptive skill deficits. Developmental 
disorders and epilepsies are earlier neurologic sequelae expressed over 
the first 1,000 days which represent the concept of developmental 
origins of later disease expression (112). Cognitive, behavioral, and 
mental health disorders subsequently appear through older school ages 
into adolescence based in part on early life diseases (113).

Adults remain susceptible to neurologic disorders throughout the 
aging process. Adult illnesses combined with adverse life experiences 
represent later life expressions of brain diseases based on early life 
experiences (74). Infections, trauma, and multi-systemic diseases 
contribute to injuries in the aging brain. Compelling evidence has been 
presented that correlate developmental origins of disease with adult-
onset neurodegenerative disease expression (114), exemplified by 
dementia (115), Parkinson-like disease spectra (116, 117) and 
neuroimmunological diseases (118–120). Anticipation of these adverse 
outcomes can be  more effectively reduced using preventive (121) 
supplemented by rescue and reparative interventions. Nutritional 
improvements, reduced xenobiotic exposures, sustained exercise 
regimens and time-sensitive mental health therapies each or collectively 
contribute to positive effects during later life. Greater education regarding 
women’s and children’s health are essential to promote adult brain health. 
Equitable public healthcare policies must be sustained throughout the 
lifespan beginning before each pregnancy. Continuity of life-course brain 
health must first advocate for the health and well-being of women during 
each pregnancy that will benefit multiple generations of children 
maturing into adulthood. This essential life-course perspective requires 
investment in a brain capital strategy which can be strengthened by 
interdisciplinary FNN training for multiple neurologic subspecialties (17).

FNN training supports 
neurotherapeutic research advances

Interdisciplinary FNN training will help advance collaborative 
efforts to design more effective preventive, rescue, and reparative 
neuroprotective protocols. These research efforts will contribute to a 
life-course brain capital strategy by choosing etiology-specific 
interventions as a function of time. Exosome research exemplifies one 
such research effort. Tissue-specific biomarkers are being developed 
that can be  designed to detect MPF triad, neonatal or childhood 
disease pathways (110, 111). Diagnostic choices during 
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critical-sensitive time periods of neuroplasticity begin during prenatal 
life. Placental and fetal neuronal-derived exosomes are currently being 
investigated that both detect disease and deliver neuropharmacological 
agents using placental transport systems. Drug selection will target 
developmental disease pathways that impair vulnerable brain 
structures specific to the developmental stage during the pregnancy 
within the embryonic and fetal neuroaxis (122, 123).

Disease states and therapeutic responses can also be more closely 
monitored using serial quantitative fetal neuroimaging tools (124, 
125). Quantitative fetal brain MRI measures now document altered 
measures that represent underdeveloped or impaired neuronal 
connectivity. Such abnormalities are more likely to occur during the 
first 1,000 days, particularly for those mother–child dyads exposed to 
socio-economic adversities in poorer neighborhoods (126). Brain 
health risks begin with the identification of factors that impair a 
woman’s health before and during each pregnancy with consequential 
reduced childhood neurologic health over the first 2 years of life (127). 
Neuroimaging abnormalities later during adolescence (128) represent 
socioeconomic contributions to longer term negative consequences 
into late childhood. These same brain structure technologies will 
contribute to the design of longitudinal studies that will assess 
developmental origins of health and disease across the lifespan (121).

A brain health strategy requires 
equitable healthcare delivery

Interdisciplinary FNN curriculum training strongly supports 
maternal-child public health initiatives to promote life-course 
equitable health care. Early life reproductive and pregnancy health 
effects on the MPF triad will have profound later life consequences. 
Siloed brain research, innovation, regulatory, and funding systems 
presently fall short of reaching a more comprehensive understanding 
of the development-aging continuum that addresses brain health for 
all persons. A life-course brain capital strategy will offer interventions 
to reduce or avoid neurologic disorders into old age and across 
generations by addressing health disparities. Emphasis on the science 
of biological-to-social transitions need to recognize the social 
determinants of health to reduce adverse effects through diversity, 
equity and inclusion. Interdisciplinary FNN curriculum can help 
promote multi-institutional research collaborations to design such 
studies to more accurately guide person-specific diagnostic and 
therapeutic recommendations. Future studies must identify 
biomarkers of adaptive or maladaptive neuroplasticity that represent 
a dynamic neural exposome in the context of brain maturation 
and aging.

The United Nations Agenda for over the last quarter century has 
advocated for 17 sustainable development goals (SDGs) to address the 
global burden of disease (129). These goals can assist diverse populations 
dependent on the necessary resources needed to overcome disparities. 
Limitations exist in both LMIC and HIC medical deserts that increase 
the global burden of neurological disease (130). Greater attention to the 
adverse long-term effects following prenatal and childhood neurological 
disorders require the perspective of developmental origins of disease 
(131). Current efforts correctly advocate for early childhood development 
strategies for the world’s children with disabilities (132). Greater attention 
to the continuities of risk affecting women and their children will help 
maximize benefits for all persons throughout adulthood (1).

Successful implementation of this blueprint ultimately requires 
global peace and prosperity. Unfortunately, there remain challenges 
based on persistent worldwide bio-social adversities. Diminution in 
poverty and related deprivations are among multiple essential goals 
that are required to improve brain health through education and 
cooperation among all stakeholders. Bio-social interventions can help 
reduce inequality, spur economic growth, and reduce adverse effects 
from climate change. Recent polycrisis events such as the Covid 
pandemic and regional armed conflicts reaffirm the ongoing urgency 
to promote universal healthcare policies to preserve brain health.

Global synergistic actions are proposed that will implement four 
key components to address healthcare: surveillance, prevention, acute 
interventions, and rehabilitation (13). All stakeholders through 
sustained cooperation can more effectively apply these actions to 
reduce the global burden of neurological disease. These efforts can 
more effectively offer positive neurologic outcomes through creativity, 
attention, openness, and entrepreneurship. These themes have been 
emphasized at a science summit sponsored by the United Nations 
General Assembly (15). Adjustments to address resource assets or 
deficiencies are specific to a community, region, or nation (Figure 2). 
This review of a proposed FNN training program curriculum offers 
an educational approach requiring experienced faculty, educational 
resources and motivated trainees. An academic medical center hub 
model can promote advances in brain health through educational 
leadership provided to smaller medical facilities (Figure 3) (14). A 
committee structure is proposed that will comprehensively address 
integrated clinical practice, educational and research objectives 
across disciplines.

Priorities to achieve these objectives must initially address 
vulnerable women and children who have been exposed to disease 
and adversity. Neurologic sequelae expressed over the lifespan 
consequently represent the neurological burden from diseases that 
will be confronted by older children and adult populations based on 
early disease or adversity. Interdisciplinary healthcare synergy 
re-enforced by this proposed FNN training program will apply the 
concept of a dynamic neural exposome across the lifespan to preserve 
or restore brain health. This science-based agenda will help mitigate 
or avoid TSI effects and reduce mortality and lessen neurologic 
morbidities into old age and across generations.
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FIGURE 2

A global ecosystem is depicted that can better monitor and reduce the burden of neurological disorders with appropriate interventions. Synergistic 
actions among a coalition of multisector stakeholders are required to effectively address the challenge to brain health. Key stakeholders include 
patients, health-care service and product providers, policymakers, payers, implementation partners and the general population. Implementation 
partners require involvement from neurology organizations and professional societies, non-governmental agencies and ministries of health, and 
country ambassadors who will act as commissioners. The World Bank as well as independent funders and informed philanthropists collectively can 
support professional advice and funding that will optimally implement healthcare interventions. Adaptations of the global ecosystem must adjust to 
regional and national ecosystems to meet the demands of the respective implementation environments (13).

FIGURE 3

An academic center model for brain health has been proposed that creates a committee hub structure which integrates education, clinical practice, 
and research committee efforts. This approach supports the spokes of this hub to offer effective community, regional, national, and international 
collaborations. FNN training contributes to these efforts through science-based clinical and didactic activities that promote career-long practice with 
positive reproductive and pregnancy exposome effects on a dynamic neural exposome (14).
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