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Foreword

The dawn of fetal therapy occurred over five decades ago. Sir
William Liley pioneered the first successful fetal therapy when
he transfused donor red blood cells into the peritoneal cavity
of an anemic fetus in a pregnant woman with Rh(D) alloim-
munization. What is most remarkable is that this procedure
was accomplished before the introduction of obstetrical ultra-
sound. Liley used radiopaque dye injected into the amniotic
cavity to outline the fetus as an amniogram in order to target
the fetal peritoneal cavity. Since these early days, remarkable
progress has been achieved in the areas of fetal diagnosis and
therapy. With ultrasound, using increasingly sophisticated
technology, becoming part of routine obstetrical practice most
fetal structural anomalies are easily diagnosed. Rapid acquisi-
tion, high resolution magnetic resonance imaging has further
refined these diagnoses. Chromosomal microarray and whole
exome sequencing have led to new diagnostic capabilities.
Invasive procedures to acquire chorionic villi or amniotic fluid
are rapidly being replaced by analyzing free fetal DNA in the
maternal circulation.

These tools have led to a rapid evolution in fetal therapy.
Early attempts to correct major congenital anomalies such as
lower urinary tract obstruction, diaphragm hernia and sacro-
coccygeal teratoma were attempted by the pediatric surgical
community through open hysterotomy. Premature delivery or
fetal demise was often the result, leading many to question the
future of fetal therapy for structural anomalies. A renewed
interest in fetoscopy, once used primarily as a diagnostic tool,
occurred when laser photocoagulation of placental anasto-
moses proved successful in the treatment of severe twin-twin
transfusion syndrome (TTTS). Open hysterotomy returned to
the spotlight with interest in correcting fetal myelomeningo-
cele (MMC) – the first non-lethal congenital condition where
fetal therapy attempted to improve lifelong morbidity instead
of perinatal mortality.

A notable shift in the mindset of fetal therapy has occurred
in the last decade. New therapies are no longer accepted as

the standard of care after a period of simple innovation.
Randomized clinical trials for laser therapy for TTTS and fetal
MMC repair have proven these therapies to be scientifically
sound. Tracheal occlusion for the treatment of fetal diaphragm
hernia is currently being evaluated in such a trial. Multicenter
alliances such as the EUROFOETUS group and the North
American Fetal Treatment Network have been established to
further research collaboration.

This second edition of Fetal Therapy: Scientific Basis and
Critical Appraisal of Clinical Benefits builds on this new para-
digm of an evidence-based approach to therapeutic maneuvers
to aid the unborn patient. The editors have assembled a
renowned group of international experts in their respective
fields. Many aspects of fetal therapy that have evolved since
the publication of the first edition are now addressed in this
updated version. Notably a new section on the pathophysiol-
ogy and prevention of preterm birth has been added. Ongoing
research and potential therapies to ameliorate neurologic
sequelae in cases of severe growth restriction, congenital heart
disease, TTTS and the premature infant in general are included
in new chapters. Evolving therapies such as the artificial womb,
fetoscopic repair of fetal MMC, and the use of stem cells to
address the issue of premature rupture of the membranes after
fetoscopy are included in this edition.

This text deserves a prominent place in the library of any
provider of fetal medicine. Its owner will be well served with a
contemporary and authoritative reference on the care of the
unborn patient with complex issues.

Kenneth J. Moise, Jr., MD
Professor of Obstetrics, Gynecology and Reproductive Sciences
and Pediatric Surgery
McGovern School of Medicine – UTHealth
Co-Director, The Fetal Center
Children’s Memorial Hermann Hospital
Houston, TX, USA
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Section 1

Chapter

1
General Principles

The Rationale for Fetal Therapy
Ahmet Baschat

Introduction
In 1982, a group of subspecialists in fetal medicine, pediatric
surgery, pediatrics, radiology, genetics, and bioethics reported
on a meeting that discussed the emerging field of ‘fetal therapy’
[1]. Their summary statement laid down the foundation and
principles for the treatment of prenatally diagnosed congenital
anomalies where the natural history of the disease can poten-
tially be influenced by intervention before birth (Table 1.1).
In principle, this document defines the criteria of candidate
conditions for fetal therapy, the goals of fetal treatment, and
the appropriate setting for where fetal therapy should be per-
formed. Since this original publication there have been signifi-
cant advances in prenatal diagnostic and prognostic assessments
of the fetus, the scope of treatments, and the care settings where
fetal therapy is offered that require consideration [2].

Prenatal Diagnosis and Prognostic
Assessment – Defining Candidate Conditions
for Fetal Treatment
Fetal therapy targets specific conditions that carry significant
risk for the fetus where prenatal intervention can be anticipated
to significantly improve outcome. In order to be certain that
a disease meets these fundamental criteria, a precise prenatal
diagnosis and prognostic assessment is required. The principle
diagnostic tools include a combination of ultrasound modalities,
magnetic resonance imaging (MRI), or specialized computer-
ized tomography (CT) imaging [3]. Following the formulation
of a primary and differential diagnosis a major determining
factor for eligibility for fetal treatment is the presence of any
underlying untreatable conditions that affect outcome. Major
advances have been made in genetic testing since the inception
of fetal therapy. The range of prenatal genetic studies now
ranges from traditional karyotyping to microarray analysis,
targeted single gene testing, and exome sequencing [4, 5].
Another significant advance since the inception of fetal therapy
is the transition of infection testing to polymerase chain reaction
(PCR) for viral particles or viral culture from amniotic fluid
[6, 7]. This contemporary approach to prenatal genetic testing
and infection testing increases the diagnostic yield for significant
underlying genetic or other abnormalities, and can now more
deliberately identify fetuses that may benefit from prenatal

Table 1.1 Criteria for the advancement of fetal therapy: 1982

Topic Viewpoint

Nature of the
disorder

The disorder must be of a significant nature
and should be a simple structural defect that
interferes with organ development, whose
alleviation might allow fetal development to
proceed normally

Appropriateness
criteria

The fetus should be a singleton without
concomitant anomalies according to
advanced ultrasonographic examination and
amniocentesis for karyotype, α-feto protein,
and cultures

Candidate
diseases

Selection for treatment must be based on
careful clinical evaluation and sound
knowledge of the natural history of the fetal
disease; intervention can be ethically
justified only if there is reasonable
probability of benefit

Goals of
treatment

The family should be fully counseled about
risks and benefits and should agree to
treatment, including long-term follow-up to
determine efficacy

Maternal safety
and autonomy

Implied but not stated: maternal risks should
be minor and acceptable to mother and
family

Center
infrastructure

There should be access to a level III high-risk
obstetric unit and bioethical and
psychosocial counseling

Checks and
balances

A multidisciplinary team, including a
perinatal obstetrician experienced in fetal
diagnosis and intrauterine transfusion, an
ultrasonographer experienced in the
diagnosis of fetal anomalies, and a pediatric
surgeon and neonatologist who will
manage the infant after birth, should concur
on the plan for innovative treatment and
obtain approval of an institutional review
board

Reporting
requirements

All case material should be reported,
regardless of outcome, to a fetal treatment
registry or in the medical literature (or both)
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interventions and exclude those who do not. The importance of
this approach is illustrated by the outcomes of shunting for fetal
hydrocephaly, which was abandoned in an era where the exclu-
sion of diseases with no anticipated benefit was not uniformly
applied. Now that a group of fetuses with isolated aqueductal
stenosis is more likely to be identified, fetal therapy for this
specific subset of patients may need to be re-explored [8].

Concurrently with rendering a precise diagnosis of the fetal
condition, assessing the severity of the fetal condition is part of
identifying suitable candidates for fetal therapy. It is important
to recognize that despite the prominent role of ultrasound in
evaluating physical abnormalities of the fetus, MRI is comple-
mentary in many conditions, including spina bifida and con-
genital diaphragmatic hernia, in delineating the abnormality as
well as its prognosis [9, 10]. Since most fetal conditions that
are currently offered fetal therapy are considered severe, most
prognostic assessments measure the mortality or irreversible
damage that is associated with a particular condition rather
than morbidity. To render a prognosis, several specific param-
eters have been described that offer disease-specific quantifica-
tion of severity. These include the traditional [11] and
observed to expected lung-to-head ratio [12] for congenital
diaphragmatic hernia and the cyst-volume ratio [13] for cystic
adenomatoid malformations of the lung. In addition to indi-
vidual measurements, combinations of several parameters in
scoring or staging systems have been described to grade the
severity of fetal cardiovascular disease [14, 15], hydrops [16],
or twin-twin transfusion syndrome (TTTS) [17, 18, 19]. The
utilization of standardized prenatal prognostic markers is of
critical importance from several perspectives. The relationship
with outcome forms the basis of the risk-benefit assessment
and the selection of appropriate candidates for fetal therapy.
Uniform assessment of conditions allows the study of natural
disease evolution and a more consistent case selection facili-
tates a more robust evaluation of the impact of fetal therapies.
The ability to re-evaluate defining key prognostic indicators
also allows appropriately targeted monitoring for resolution
following fetal treatment.

The evaluation of any prenatal abnormality should ideally
reach the highest level of certainty about the condition, any
underlying contributors to lifelong health impacts, and the
severity of the condition in terms of its anticipated prenatal
and postnatal outcome if left untreated. Only when this level
of information is available can the risks of the natural disease
be weighed against the risks of the therapy and parents be
provided with the opportunity to select the appropriate
scope of treatment. At any point in these decisions it is the
obligation of the fetal medicine provider to put safeguards in
place to protect the pregnant women from undue risk. For
conditions not meeting intervention criteria longitudinal
observations at the appropriate surveillance intervals are often
required in order to ensure that deterioration to a degree that
meets treatment criteria is detected. This is often required for
complicated monochorionic multiple gestation [20], or fetal
anemia due to red cell alloimmunization [21].

The Scope and Goals of Fetal Therapy
Fetal therapy may involve medical and surgical treatments that
are performed before separation of the fetus from the placenta
during birth. Within this scope, fetal therapy can be divided
into medical or surgical approaches that aim to achieve either a
complete prenatal resolution, alleviate severe pediatric devel-
opmental or functional deficiencies, or optimize the fetal tran-
sition to extrauterine life. In the latter two instances, treatment
requires completion after birth and therefore relies on an
appropriate pediatric subspecialty setting (Figure 1.1).

Fetal interventions carry different levels of complexity both
in terms of required operator training and experience and the
systems requirement to safely administer the treatment. At the
most basic level, ultrasound-guided needle procedures have
been adapted from the sampling of amniotic fluid or chorion
villus tissue. Fetal therapy techniques based on this approach
include fetal blood sampling, intrauterine transfusions [22],
shunt placements for renal or thoracic abnormalities [23],
balloon valvuloplasty for cardiac lesions [24], and interstitial
coagulation techniques utilizing laser, radiofrequency ablation
or microwave technology [25, 26]. A greater level of complex-
ity exists for diagnostic or operative fetoscopic procedures.
While the insertion of the instrumentation relies on ultra-
sound guidance, the instrumentation required is more com-
plex and most optimally used in an operative room setting.
Fetoscopic techniques now encompass laser ablation of com-
municating vessels in TTTS [27], umbilical cord occlusion
[28], tracheal balloon occlusion and reversal [29], amniotic
band release [30], laser ablation for lower urinary tract
obstruction [31], and more complex surgical procedures such
as myelomeningocele (MMC) repair [32].

The highest level of complexity involves open fetal surgery
that is performed through a hysterotomy through the muscu-
lar portion of the myometrium or the ex utero intrapartum
treatment (EXIT), which is a specialized delivery technique
that enables securing of the fetal airway on a placental bypass.
These types of procedures require a specific approach guided
by the anatomy of the fetus and have high system requirements
for monitoring of maternal and fetal well-being at the time of
the procedure and afterwards, as well as the ability to immedi-
ately respond to complications such as obstetric hemorrhage
or maternal cardiopulmonary collapse [33]. Open fetal surger-
ies are most frequently performed for MMC repair [34] and
less often for resection of lung masses or teratomas [35]. The
EXIT delivery technique is specifically intended for the man-
agement of anomalies that compromise the newborn’s airway
at birth [36, 37, 38].

These treatment techniques evolved following the consider-
ation of the fetal, neonatal and lifelong risks of the untreated
condition as well as the potential fetal benefits of treatment and
the risks to the mother and the fetus. With regards to the fetal
benefits, treatments may achieve prenatal cure or alleviation of
damage. Examples for approaches that aim to achieve a pre-
natal cure include fetal blood transfusions for anemia [22] and
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fetoscopic laser dichorionization of the placenta in TTTS [39].
In addition to the appropriate care setting, the ability to achieve
the intended outcome with these low- to medium-complexity
therapies relies on operator experience and ongoing caseload
[40–44]. Because the mortality of the underlying conditions in
the absence of treatment is high, thresholds for the establish-
ment of treatment centers are lower than for more complex
treatments. A treatment that is also aimed at prenatal correc-
tion is fetal MMC repair. However, irrespective of whether an
open or fetoscopic approach is chosen the multidisciplinary
nature of the treatment team requires an appropriate resource
setting to achieve the desired outcomee [45]. Since fetal MMC
is not a lethal condition and treatment is also complex because
of the maternal care requirements, prenatal repair can only be
offered in an appropriately resourced setting. In fact it is the
significant maternal risk with open fetal MMC repair that is
one of the driving forces to transition to a viable fetoscopic
technique that maintains the fetal benefits [46].

An example for a treatment that does not achieve prenatal
cure, but rather alleviates prenatal damage until definitive
postnatal repair can occur, is fetoscopic tracheal occlusion
(FETO) for severe congenital diaphragmatic hernia (CDH)
[12]. After successful FETO, delivery of the neonate at a center
with expertise in the management of CDH is required to
complete the treatment. It is important to recognize that case-
load and operator experience improve outcomes in both the

prenatal and postnatal components of FETO followed by post-
delivery surgical CDH management [47, 48]. The ideal setting
for a FETO program with an experienced fetal team would
therefore be at a facility with a coexisting high-volume experi-
enced pediatric CDH program [49]. The importance of the
appropriate pediatric care setting at delivery is particularly
evident for anomalies such as cardiac defects, where the pri-
mary contribution of the fetal medicine specialist is to optimize
delivery circumstances to facilitate post-delivery surgical repair
[50]. Accordingly, as the management goal of fetal therapies
shifts from prenatal cure to alleviation of damage the emphasis
on delivery in an appropriate pediatric care setting increases.
With the exception of fetal therapies carried out prior to
viability the need for a high-level neonatal intensive care unit
(NICU) is universal for all fetal therapy centers [1, 2, 45].

Risk-Benefit Assessment for Fetal Therapy
Fundamental to the endeavor of fetal treatment is the con-
struction of a risk-benefit assessment that considers potential
benefits to the fetus, newborn and mother balanced against the
risks to these parties. Since all fetal therapy, medical and
surgical, must pass through the mother it cannot be performed
without her informed consent, given with the necessary safe-
guards in place and full consideration of maternal and fetal
risks. Assuming an accurate prenatal diagnosis, this assessment

Prenatal Treatment Goal

Post-delivery care requirement

Prenatal

Correction

Alleviate damage

before birth

Optimize condition

at birth

Fetal blood transfusion Vesicoamniotic shunting Disease-specific surveillance

Ex utero intrapartum treatment

Fetal cystoscopy

Thoracoamniotic shunting

Fetoscopic tracheal occlusion

- Fetal anemia - LUTO - Cardiac defects
- sIUGR
- non-immune hydrops

- SVT

- obstructive airway lesions

- LUTO

- hydropic CPAM
- hydrothorax

- CDH

- TTTS

- TAPS

- TRAP
- sIUGR

- MMC repair

- Tumor resection

• •

•

•

Fetoscopic laser surgery

Cord coagulation

Open fetal surgery

Specific pediatric treatment
prior to discharge only
required for residual
disease

Long-term care as
appropriate

Pediatric condition-specific treatment is invariably required
prior to discharge

Follow-up care with long-term follow-up is required

Figure 1.1 Treatment goals in fetal therapy. The schematic represents the prenatal treatment goals for various fetal interventions and their associated postnatal
care needs. TTTS, twin-twin transfusion syndrome; TAPS, twin anemia polycythemia sequence; TRAP, twin reversed arterial perfusion; sIUGR, selective intrauterine
growth restriction; MMC, myelomeningocele; LUTO, lower urinary tract obstruction; CPAM, cystic pulmonary airway malformation; CDH, congenital diaphragmatic
hernia; SVT, supraventricular tachycardia.
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rests on a reasonable degree of certainty about the natural
history of the condition, the likelihood of treatment success,
and the preparedness for the potential of unintended conse-
quences. Fetal therapy is unique in that the potential compli-
cations for a given procedure may include the mother or fetus.
For surgical interventions the potential for unintended conse-
quences depends on the complexity of the procedures as well
as operator experience and caseload. The correct risk-benefit
estimate therefore relies on all of these factors.

The neonatal risks relate to the likelihood of premature
delivery and the additional outcome impact of the underlying
condition, and are partly mitigated when delivery occurs at a
facility with the appropriate level of neonatal care [1]. For
conditions that require surgical correction after birth risks
may arise from the combination of residual morbidity
after fetal therapy and superimposed neonatal complications.
As prematurity is a risk factor associated with many fetal
treatments, accurate representation of institution-specific, dis-
ease-specific outcomes of centers that perform fetal therapy is
most pertinent to gauge the overall impact on outcome [1, 2,
45]. Over time advances in any of the subspecialties involved in
the care of the fetal patient potentially alter outcome, and
therefore ongoing reappraisal of the risk-benefit ratio is
required whenever such developments occur. Examples
include the transition from open fetal surgery to maternal
steroid use as a primary treatment of congenital pulmonary
airway malformations [51], or reappraisal of the relative safety
of CO2 insufflation for operative fetoscopy [52]. Once a risk-
benefit assessment for a fetal treatment has been completed
administration in the appropriate care setting is essential to
mitigate some of the adverse effects.

Care Settings for Fetal Therapy
Since all fetal therapies pass through the mother the need to
establish the most appropriate maternal care setting is univer-
sal for all fetal therapies. The resources required to ensure
maternal safety may range from obstetric care facilities, includ-
ing obstetric anesthesia, all the way to medical and intensive
care facilities [38]. These requirements depend on the com-
plexity of the fetal treatments performed. Ultrasound-guided
procedures such as amniocentesis and chorion villous sam-
pling have a negligible miscarriage rate and overall procedure-
related risks ranging from 0.4% to 1% in high-risk populations
[53, 54]. Fetal blood sampling and transfusion require a higher
level of operator skill and carry a 5–10% risk of fetal bradycar-
dia and a pregnancy loss rate of up to 25% in complex fetal
conditions [55, 56, 57]. Fetal shunt procedures and fetoscopic
laser ablation for TTTS involve larger diameter uterine instru-
mentation and accordingly can carry an up to 40% risk of
obstetric complications, including preterm premature rupture
of membranes (PPROM), preterm labor, and preterm birth
[58, 59]. If intervention for fetal status is appropriate as part of
the management plan or significant obstetric risks are recog-
nized complications such fetal treatments should be performed

in the vicinity of a Labor and Delivery unit to ensure that
obstetric management, including delivery if appropriate, can
be achieved in a timely fashion. Procedures that are performed
at viability, carry significant obstetric risks, or require multi-
disciplinary effort may benefit from a dedicated intervention
suite near Labor and Delivery. Fetal cardiac interventions have
fetal mortality rates of 10–30% and may require additional
treatment of complications such as bradycardia and hemoper-
icardium in 27–52% of procedures [60, 61]. FETO with subse-
quent balloon removal is associated with a 47% rate of PPROM
and the need for emergency balloon removal in over 50% of
cases. Inability to remove the balloon prior to birth in the latter
setting may lead to neonatal death in almost 5% of patients
[29]. Hybrid or open fetal surgeries, including fetoscopic spina
bifida repair [62] and EXIT, naturally require an appropriately
staffed operation room setting [6, 63]. The significant risk for
healing complications of the uterotomy with partial or com-
plete dehiscence in 2.3% of patients, and the need for blood
transfusion at delivery in 8%, emphasize the importance of
follow-up dedicated obstetric care [34]. As integration of sub-
specialties is one of the core achievements that drives a fetal
treatment center, the complete integration of the required level
of maternal care is necessary. For the highest risk procedures
this requires the in-house availability of an appropriate level of
maternal care services, including intensive care and adult med-
ical specialty availability.

As all neonates that are delivered after fetal therapy require
post-delivery assessment, stabilization and potentially further
management, a high-level NICU is recommended for all fetal
therapy centers offering treatment after viability [1, 2, 45]. This
level of care is recommended since most conditions targeted by
fetal therapy have neonatal care requirements that reach
beyond prematurity-related complications, and management
of anomalies and associated problems is required [64, 65].
Specifically for neonates with congenital abnormalities such
as CDH, MMC or cardiac defects, the in-house presence of
the appropriate pediatric surgical specialties is highly desirable.
In the US the ‘Task Force for Children’s Surgical Care’ defines
the highest level of center by its ability to manage congenital
anomalies in an in- and outpatient setting [66]. The improved
outcome for neonates cared for in such centers has been docu-
mented for several conditions, including CDH and MMC, and
is in part attributable to infrastructure, higher surgical volumes
and an enhanced ability to triage, recognize and manage com-
plications compared with lower volume centers [67–69].

Requirements for a Fetal Therapy Center
A Fetal Therapy Center is ethically obliged to consider both
maternal and fetal well-being and complications of any fetal
intervention that may be offered. In order to provide safe care
the appropriate infrastructure, dedicated institutional support
and oversight are required. The level of infrastructure and
support are dictated by the level of the maternal, fetal and
neonatal care needs that arise as a consequence of the fetal
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intervention. Once the appropriate multidisciplinary care con-
text has been established the monitoring and reporting of
outcomes allows for effective oversight monitoring at the insti-
tutional level. It has been considered essential for centers that
perform invasive fetal procedures to report their maternal,
fetal, and newborn outcomes as transparently as possible to
allow for ongoing scientific scrutiny [1, 2, 45]. This can be in
the form of institutional, national, regional, or international
registries or trials. Examples include treatment registries for
FETO for severe CDH [29] or fetal cardiac interventions [24]
as well as randomized trials for laser therapy for TTTS [27, 70]
and open fetal MMC repair [34]. Particularly for procedures
that are still considered as innovative or under research a
multidisciplinary institutional oversight committee is import-
ant, and ideally includes individuals not directly involved in
the clinical care of patients. Such committees may sometimes
also serve as reviewing bodies for the purposes of institutional
or ethical review board submissions.

An important obligation of a Fetal Therapy Center is also
to provide education for physicians and other healthcare

personnel to train the next generation of fetal therapists. While
there are currently no formal training programs for fetal
therapy it is only a matter of time before a curriculum will
be formalized and an appropriate training model developed in
which junior faculty are gradually allowed to develop the
necessary skill set to operate independently.

Conclusion
As both diagnostic and surgical techniques continue to evolve
so does the role of fetal therapy in conditions that can be
prenatally diagnosed. With advances in fetal treatment tech-
niques and the management of maternal risks the focus is
likely to shift from just enabling survival to improving quality
of life (e.g. fetal MMC repair). The formalization of appropri-
ate care settings and potentially levels of care is likely to not
only ensure the safety of the mother and fetus but also expand
the rationale for fetal therapy in the future.
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Section 1

Chapter

2
General Principles

A Fetal Origin of Adult Disease
Mark Hanson and Lucy Green

Introduction
There is a worldwide epidemic of non-communicable diseases
(NCDs), including cardiovascular disease (CVD), type 2 dia-
betes, chronic lung disease, and some forms of cancer; predis-
position to these is linked to obesity. This is despite efforts by
individuals to modify their diet and lifestyle, and government
and global programs aimed at promoting healthy eating or
increased physical activity. Some initiatives have begun to target
childhood eating and activity. But a strong and international
body of scientific and epidemiological data suggests that health
interventions should be focused on a much earlier period of
development: pregnancy. Expectant couples are often focused on
the immediate result of their pregnancy – a viable baby. It may
come as a surprise to many of them to hear that the finer details
of building a baby are in fact the foundation of lifelong health.

A number of potentially serious clinical conditions originate
during fetal life, and these include neurological handicap, pre-
mature birth, fetal growth restriction (FGR), and pulmonary
hypoplasia. These are often viewed as ‘pathophysiological’ con-
ditions where normal development (or physiology) has been
disrupted by a challenge in utero that has had immediate and
longer-term damaging effects. But, current concepts suggest
that the developing organism may respond to cues (e.g. nutrient
supply, maternal stress) from the environment and that its
development is ‘channelled’ (rather than disrupted) to give a
phenotype optimized for the subsequent postnatal environ-
ment. However there may be limits to the responses that the
developing organism (e.g. fetus) can make or the postnatal
environment may not turn out to be what was expected. Either
or both of these circumstances may lead to an increased disease
risk in adulthood [1]. In this chapter we will explore human and
animal studies that investigate how cues from the environment
(e.g. nutrient supply) before and during gestation invoke one or
several fetal adaptive strategies involving the timing of birth,
fetal growth, metabolism, and cardiovascular control. These
strategies are not simply linked to immediate survival but may
put the offspring at a disadvantage in terms of health in later life.

An Early Origin for the Epidemic of Adult
Non-communicable Disease
The Problem
CVD affects more than 40% of adults in the UK. Despite the
fall in death from coronary heart disease (CHD) in the

second half of the twentieth century, the combination of
unhealthy lifestyle in the young and an ageing population is
expected to increase the number of people suffering CVD
such as heart failure. Globally, it is estimated that 17.9
million people died from CVD in 2016 and, without inter-
vention, this number is projected to rise [2]. The number of
people with diabetes rose from 108 million in 1980 to 422
million in 2014 [3]. Obesity is a component of metabolic
syndrome and is considered to be an intermediate risk factor
for CVD, even in the young. The speed with which the
incidence of these diseases has escalated has been attributed
to changing lifestyles, especially the consumption of high
glycemic index foods with a high fat and salt content and a
sedentary lifestyle. However, not all individuals have the
same risk of developing pathological conditions, even in the
same environment. In the last 30 years it has emerged that
the developmental environment (periconceptionally through
early postnatal life) influences an individual’s response to
their adult environment and lifestyle, hence determining in
part their risk of disease.

The DOHaD Concept
Epidemiological studies show that small size at birth and
during infancy is associated with a greater risk of CHD, hyper-
tension and stroke in later life [4]. Importantly, the degree of
these changes, and hence disease risk, is graded across the
normal range of size at birth, i.e. it is not just a consequence
of FGR. The Developmental Origins of Health and Disease
(DOHaD) concept suggested that the low birth weight-disease
risk association may underestimate the true influence of the
early environment effect. Birth size is one measure of fetal
environment and DOHaD might be better viewed as a later
consequence of a normal developmental response to environ-
mental cues. The risk of adult CHD is particularly increased if
small size at birth and during infancy is followed by rapid
childhood weight gain [5]. Recent proposals suggest that the
developing organism responds to its environment to develop a
phenotype optimal for survival to reproduce in the postnatal
environment in which it predicts that it will live, and that a
mismatch between the in utero and childhood nutritional
environments increases risk of CVD [1, 6]. The degree of
mismatch will be increased by an unhealthy lifestyle (unbal-
anced diet, reduced physical activity, smoking, and excessive
alcohol consumption) and this is of particular concern in light
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of the rising incidence of childhood obesity and the links
between obesity and CVD.

Human and Animal Evidence
There is potential for the embryo and fetus to be exposed to a
range of such cues, including environmental toxins, ‘maternal
constraint’ (from e.g. body composition, stature, nutrition,
age, and parity), maternal stress, umbilical-placental compli-
cations (including resultant hypoxia/asphyxia), and maternal
diseases. Environmental factors such as maternal nutrition can
channel development (i.e. influence developmental plasticity).
The adaptations that are made might be of immediate adaptive
value and help survival, or could confer little or no immediate
benefit but nonetheless be predictive of the postnatal environ-
ment. If the postnatal environment is not as predicted this may
increase the risk of disease [1]. But studies attempting to
investigate DOHaD should distinguish these sort of adaptive
responses from pathophysiological effects of the environment
(disrupting development, e.g. toxins or umbilical-placental
complications) with no obvious adaptive value at any point
in the life course. This is important since these simply disrupt
the normal pattern of development and do not necessarily lead
to an increased risk of disease.

There are a few key human cohorts in which the DOHaD
concept has been investigated [7]. In addition a number of
experimental animal models have been developed in a range
of species. Ascertaining the risk of disease is usually not pos-
sible in animal models, but making sure that the challenges
are of physiological rather than pathophysiological magnitude
and of a type relevant to DOHaD remains crucial to progress
in this field. In this chapter, we focus primarily on maternal
constraint-type cues for which a cohesive and persuasive body
of evidence exists.

Many women in the UK consume unbalanced or ‘impru-
dent’ diets, including during pregnancy. The influence of a
poor intrauterine environment on later CVD was highlighted
in the Dutch winter famine cohort [8]. Maternal body com-
position and metabolism provide the backdrop against which
more acute changes in diet act and influence the compartmen-
talization of nutrients between the mother, placenta, and fetus.
In England 15.6% of women are obese (body mass index (BMI)
�30 kg/m2) at the start of pregnancy and a smaller proportion
(2.88%) are underweight (BMI < 18.5 kg/m2) [9]. In the South-
amptonWomen’s Survey by the Institute of Medicine Standards
(2009), excessive (49%) and inadequate (21%) weight gain in
pregnancy are prevalent [10]. Both extremes of maternal
weight profile are thought to pose a significant threat to
maternal and fetal/neonatal well-being and may have substan-
tial ramifications for cardiovascular health in later life. Exces-
sive weight gain is linked to offspring obesity [10, 11] and to
higher systolic blood pressure into early adulthood (21 years
[12]). Human data suggest that whilst gestational weight gain
is associated with adverse cardiovascular risk factors at 9 years,
pre-pregnancy weight has a greater overall impact [11].
Slimness in mothers is linked to CHD and raised blood pres-
sure, while high maternal weight/adiposity is linked to CHD

[13, 14]. In this regard, new guidelines on pregnancy weight
management were issued in 2010 [9] and their implementation
may serve to break the cycle of obesity and reduce the inci-
dence of CVD.

Numerous studies in animal models (rodents, guinea
pigs, sheep, and non-human primates) corroborate the idea
that maternal diet during gestation and breastfeeding are
very important in determining adult propensity to obesity,
cardiovascular and renal dysfunction [15–23], and left ven-
tricular hypertrophy [23, 24], in ways that mimic predis-
position to CVD with increasing age. The phenotypic
effects of an altered early environment include altered adult
growth, glucose intolerance and insulin resistance [15, 25,
26] and changes in sympathoadrenal function and hypothal-
amic-pituitary-adrenal (HPA) axis responses [20, 24, 27, 28],
and these may constitute part of the mechanism by which
cardiovascular control is affected. There is emerging evidence
that the nature of the response is sex dependent [15, 23]. It is
striking that, without further dietary challenges in the F1
pregnancy, features of the cardiovascular dysfunction in
adult guinea pig offspring following F0 maternal diet chal-
lenge can persist into the F2 generation [24, 29]. In sheep,
maternal obesity abolishes the normal leptin spike in their
neonatal offspring (important for development of hypothal-
amic appetite circuitry) and this effect is also observed in
their granddaughters [30]. Importantly, maternal dietary
restriction even before conception can induce effects on
vascular function in adult offspring [31], which emphasizes
the importance of life-long good nutrition. Maternal body
composition can be reliably manipulated through diet in
sheep and it can induce long-term adverse metabolic effects
and skeletal muscle structural alterations, along with
cardiovascular and renal effects, in offspring [32, 33]. This
underlines the concept that these effects are part of a coord-
inated strategy affecting development of a range of tissues, as
opposed to a pathological effect.

A comparatively small number of animal studies have
tested directly the concept that a mismatch between the
in utero and childhood nutritional environments increases risk
of CVD. In sheep, cardiovascular dysfunction in offspring
exposed to either prenatal or postnatal undernutrition alone
was not seen when pre- and post-weaning environments were
similar (Figure 2.1) [23]. Also, undernutrition in early-mid
gestation was associated with more renal lipid deposition in
young adult obese sheep [34]. Late gestation undernutrition
in sheep increased the neonatal appetite for fat, changed the
pattern of fat deposition [35], and predisposed adult sheep
offspring to hypercholesterolemia in an obesogenic environ-
ment [36]. In rats, dietary manipulation to minimize the
mismatch between pre- and post-weaning nutrition minimizes
endothelial dysfunction and the disruption of mechanisms
regulating appetite and energy expenditure in offspring
[17, 37]. In rats, a greater pre- and postnatal dietary mismatch
worsened liver function [38] and decreased life span [39]. In
pigs, the coronary atherosclerotic effects of a high-fat diet were
prevented by prior feeding of a similar diet to the pregnant
mother [40].
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The Fetus Responds to Its Environment
Adaptive or Disruptive?
Early detection of individuals who are at risk of disease is a
cornerstone of predictive and personalized medicine. Children
can show early signs of CVD, including atherosclerosis, and
lower birth weight is associated with impaired endothelial func-
tion [41] and altered cardiac structure [42] in 8–9 year olds. In
sheep, elevated blood pressure and HPA axis responsiveness
were observed in 3-month-old offspring of ewes fed 85% total
requirements for the first half of gestation [20]. However the
fetus offers the potential for detection of an individual’s risk of
disease even earlier in life, and may provide future early routes
for intervention. But, rather than being viewed as the start of a
pathological process, current thinking suggests that some of
these fetal changes might be of immediate adaptive value (pri-
oritize and conserve energy use) and optimize a phenotype for
better chance of survival over the life course [1]. Such prenatal
physiological adaptive responses may operate over a broader
range of normal development (Figure 2.2).

The cardiovascular system is a key part of a coordinated
adaptive response, designed to get nutrients where they are
really needed. Any redistribution of the cardiovascular
resources might preserve the growth of some organs at the
expense of others. There are also likely to be limits to the extent
that the fetus can cope through cardiovascular or growth adap-
tations (stretched to the limit by duration or severity of chal-
lenge), at which point the cue from the maternal environment
becomes ‘disruptive’ [1], or if the adaptations that it has made
do not suit the postnatal environment this may lead to
impaired function after birth and longer-term health problems.
An alternative strategy would be for the fetus to be born early,

and this may be a good course of action when the in utero
environment is so hostile that life outside the womb confers a
greater chance of survival. The effect of maternal adiposity and
gestational weight gain on fetal blood pressure, blood flow and
tissue perfusion is less well investigated.

These sorts of environmental challenges from modern
western diets are relatively recent problems and ones that
humans are unlikely to have evolved protective mechanisms
against [1]. Unlike undernutrition, they are thought to disrupt
development (nonadaptive fetal responses) in a way that might
prove to be of some immediate benefit to the fetus but could
lead to profound defects or perinatal death. In this section we
summarize some of the evidence of fetal phenotypic changes
(fetal CV homeostasis, organ perfusion, organ growth and
function) in response to a suboptimal intrauterine environ-
ment (with occasional reference to overfeeding or obesity
studies) and it will be obvious that with ethical restrictions
on human fetal investigations, animal models have been cru-
cial in advancing this area of research.

Bench to Bedside, and Back Again
Imaging of the fetus by ultrasound is now commonplace in
developed countries as an obstetric tool to assess fetal growth
and identify structural abnormalities of the fetus and blood
flow anomalies through the major fetal organs, the umbilical
cord, and uteroplacental circulation. Major technological
advances have extended the application of this tool to the
assessment of fetal movement and blood flow. Power Doppler
is most commonly used to evaluate blood flow through vessels
within solid organs, while color and spectral Doppler both
reveal the direction of blood flow. This information, combined
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Figure 2.1 Altered cardiac morphology and
coronary function in male adult sheep are absent
when the mismatch of pre- and postnatal nutrition
is minimized. Sheep were fed a control diet
throughout pre- and postnatal life (CC), or they
were exposed to moderate undernutrition either
during early gestation (1–31 days’ gestation, where
term is 147 days; UC), during early postnatal life
(12–25 weeks; CU), or both (UU). (A) An
echocardiograph showing the right ventricle (RV),
interventricular septum (IVS), left ventricle (LV), and
left ventricular wall (LVW) of the ovine heart.
(B) Thickness of the intraventricular septum; CC
(n = 14), CU (n = 10), UC (n = 14), and UU (n = 14).
Also shown are myosin light chain kinase (MLCK)
relative mRNA expression in the coronary artery
of male sheep as measured by real-time PCR
[CC (n = 7), UC (n = 7), and UU (n = 4)] (C) and
vascular response to acetylcholine in the coronary
artery [CC (n = 10), UC (n = 9), and UU (n = 7)] (D).
*, P <0.05, significantly different from CC (by
one-way ANOVA). Values are mean ± SEM.
Insufficient PCR and myography data were
obtained from CU animals. Reproduced, with
permission, from Cleal et al. [23]
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with fetal heart rate monitoring and calculation of amniotic
fluid volume and fetal gestational age-related weight, is crucial
to obstetric management aimed at identifying growth-
restricted fetuses at risk of severe intrauterine hypoxia, moni-
toring their health, and delivering them if an adverse outcome
is imminent. There is additional value of such measurements
in predicting neonatal health and survival [43].

Combining such techniques with sampling of umbilical
cord tissue and blood at term, and measurement of genes and
products linked to growth, cardiovascular function and metab-
olism, might provide mechanistic insight, inform predictive

markers of later dysfunction and disease risk, and lead to
therapeutic interventions. However, ethical constraints on
investigations in humans are a significant impediment to such
mechanistic studies. Thus in parallel with clinical research
activity, animal models have been developed to investigate
clinical concerns that originate during pregnancy and have
pathophysiological (e.g. FGR, neurological handicap, respira-
tory distress syndrome) or adaptive (with or without long-term
consequences – see later) effects on the fetus. Observations in
human cohorts frequently drive the development and direction
of animal experiments.

Periconceptional and

in utero environment genes

Epigenetic control

of development

Pregnancy challenges, e.g.,altered diet, weight

gain, health, or placentation

Optimal

Range for adaptive responses

Match or mismatch between

adaptive responses and the

subsequent postnatal environment

Altered risk of later disease

Disrupted

(e.g., IUGR)

Disrupted

(e.g., macrosomia)

e.g., CV metabolism endocrinology growth

Figure 2.2 Fetal adaptive responses to challenges in prenatal life. An individual’s development (cardiovascular [CV] etc.) and hence their risk of later disease is
controlled by an interaction between genes and the pre-pregnancy, pregnancy, and postnatal environment. It is against this backdrop that additional pregnancy
challenges may alter the individual’s trajectory by instigating fetal adaptive responses. Such adaptations may be matched or mismatched to the subsequent postnatal
environment and cause a progressive increased risk of later disease (e.g. hypertension, diabetes, fat deposition). At the extreme (e.g. intrauterine growth restriction
[IUGR] or macrosomia), development is disrupted with risk for example of early delivery or dystocia in labor.
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Small rodent animal models have distinct advantages in
terms of relatively low cost of purchase and housing, easy
handling, a short gestation length and life span that facilitates
transgenerational studies [29], and with the genome being
fully sequenced, gene targeting and transgenic work is well
established. Disadvantages are that they are polytocous species
and intrauterine growth rates differ from monotocous species,
and rats and mice give birth to young that are relatively
immature compared with humans. Moreover, the scope for
in vivo investigations of the fetal cardiovascular system in a
small animal model is limited. The most widely used model of
fetal physiology is the sheep. They are readily available in
many countries and, cost aside, their benefits include similar-
ities to humans in the proportion of singleton offspring (an
important influence on fetal growth pattern) and in the timing
of organ development (they are a precocious species in terms
of brain development and have a full complement of cardio-
myocytes and nephrons at term). Sheep fetuses are big enough
to instrument surgically from approximately 70% gestation
using aseptic technique under general anesthesia. This allows
the implantation of vascular catheters, electrodes and other
devices via which normal late gestation fetal physiology (car-
diovascular, metabolic, respiratory, growth, brain activity) can
be studied over a period of weeks, without the complicating
effects of anesthesia [44]. This longitudinal developmental
approach can be extended into postnatal life and is proving
to be important in investigating the long-term implications of
changes in the prenatal environment on later physiology and
health [23]. Parallel approaches in sheep and humans, e.g.
using Doppler ultrasound measurements of blood flow, are
important for translation between basic and clinical science.
The closer relation of non-human primates to man may be of
use in extrapolating animal model data to humans by com-
bining controlled manipulations of the maternal environment
with human obstetrical monitoring tools such as Doppler
ultrasound [45].

Cardiovascular Control
Several studies implicate the early developmental nutrient
environment in fetal cardiovascular homeostasis (including
endothelial function) and the perfusion of fetal organs. During
hypoglycemia the sheep fetus redistributes blood flow away
from organs such as the liver and skeletal muscle, and towards
the adrenal gland. This pattern is similar to the fetal response
to hypoxia [44]. Our work in sheep links lower maternal
gestational weight gain with lower fetal liver weight and higher
adrenal and brain-to-liver weight ratio, consistent with a redis-
tribution of nutrient provision in favor of the adrenal gland
[46]. Maternal hypoglycemia in sheep alters the fetal cardio-
vascular responses to a subsequent challenge such as umbilical
cord occlusion [47]. In the Southampton Women’s Survey,
fetuses of slimmer mothers with lower body fat stores
and those eating an unbalanced diet had greater liver blood
flow and shunted less blood through the ductus venosus at

36 weeks’ gestation [48]. Indeed, low pregnancy weight gain
(rather than pre-pregnancy maternal BMI) has a strong influ-
ence on blood flow distribution between the right and left
human fetal liver lobes, sparing the left lobe [49]. This evidence
that the maternal environment, even prior to conception, can
influence late gestation fetal cardiovascular control is corrob-
orated by sheep studies in which early gestation undernutrition
altered later gestation fetal blood pressure and flow [20, 21],
resistance vessel function from the hind limb circulation
[50, 51] (Figure 2.3), and cardiovascular responses to a further
period of nutrient restriction [44]. In some studies maternal
undernutrition during the last 20% of gestation in sheep
increased fetal blood pressure [52]. Candidate mechanisms
underlying the effects of altered maternal undernutrition
on fetal cardiovascular control include the redistribution of
resources through fetal carotid body sensing of glucose
(known to occur in adults) [46], the hypothalamo-pituitary
axis, and the renal-renin angiotensin system (RAS). The
impact on fetuses differs between the sexes and is greater
in twins.

Growth and Function of the Fetus – at What Level?
The early epidemiological literature links size at birth, across
the normal birth weight range, and adult health (the DOHaD
concept, see above). However size at birth is not an accurate
measure of the prenatal environment, because different pat-
terns of fetal growth can result in similar birth weights, and
the processes affecting fetal growth are complex. In clinical
practice, size at birth at the 50th centile is often assumed to
assure the best birth outcome. But a growing body of evi-
dence suggests that birth weight between the 80 and 90th
centiles, indicative of some maternal constraint in operation,
is better for perinatal survival [53]. A World Health Organ-
ization initiative is leading the development of revamped fetal
growth charts to reflect multiple populations. This could
improve the prediction and diagnosis of obstetrical compli-
cations, perinatal mortality, child morbidity, and adult health
risk [54].

In human and animal studies, size continues to be reported
both as an outcome variable and an additional marker of the
challenge imposed to which other outcome variables can be
related. However, the way in which fetal growth is reported
varies considerably between studies from body weight/
dimensions (e.g. crown-rump length), to individual organ
weights, to cell number (e.g. skeletal myofibers or nephron
number), to the expression of growth-regulating genes such as
igf1. Gaining an overall picture of the growth strategy taken by
fetuses in the face of altered maternal nutrition is therefore
complex. However in terms of fetal weight and length, sheep
fetuses reduce growth following severe [55] but not moderate
maternal undernutrition [21, 44]. The slowing of growth in
response to severe late gestation maternal undernutrition is
influenced by growth rate and maternal nutrition in early
gestation [55]. Importantly, moderate undernutrition, with
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effects on cardiovascular control, has been linked to altered
growth at the organ and cellular level [46, 56] and therefore
cellular markers of growth rather than basic fetal biometry are
important.

The fetal response to undernutrition involves the redistri-
bution of resources that may favor vital organs such as the
heart, and give rise to organ-specific effects on growth and
function [44]. In sheep, maternal undernutrition from
mid pregnancy onwards alters the mechanisms by which isol-
ated fetal coronary vessels relax [57]. Maternal undernutrition
around conception [58] or during early to mid gestation was
associated with compensatory growth, and increased expres-
sion of associated genes, of both heart ventricles by mid gesta-
tion [59, 60], and even with re-alimentation this altered
ventricular development will persist into late gestation [61]
and can be accompanied by increased pericardial adiposity.
Overfeeding-induced maternal obesity in sheep from before
conception and during pregnancy was associated with thicker
heart walls and enlarged ventricles, with fat deposition, inflam-
mation, and impaired isolated-heart function in mid-late
gestation fetal sheep [62].

Many studies suggest that perfusion of the fetal periphery,
i.e. limbs, is decreased during maternal undernutrition. There
was no effect on body or organ weights, but muscle-specific
structural changes have been observed. Moderate (40–50%
restriction) early- and late-gestation undernutrition reduced
skeletal myofiber and capillary density in tricep brachii but
not soleus muscles from late-gestation sheep fetuses, and a rise
in mRNA levels of the insulin receptor and type 1 insulin-like
growth factor (IGF) receptor were observed in fetuses from
the late-gestation group, possibly as a compensatory response
to maintain growth [56] (Figure 2.4). Indeed in cows, 85%
of metabolizable energy requirements (for the second half of
pregnancy) did not appear to impact overall fetal growth (~0.9
gestation), but an increased mRNA abundance of genes related
to the IGF axis and insulin sensing was observed in the
fetal longissimus dorsi but not semitendinosus muscles [63].
In sheep, even periconceptional and preimplantation under-
nutrition have been observed to alter the expression in
late-gestation fetal quadriceps muscle of genes regulating myo-
genesis [64] and insulin signaling [65], and are important in
setting growth trajectories and the growth response to later
intrauterine periods of nutrient restriction. A prenatal origin
of diseases of the liver (e.g. non-alcoholic fatty liver) has been
implicated probably due to pathophysiological-type responses
to maternal obesity [66]. Also, maternal undernutrition in
periconception, early or mid-late pregnancy in sheep can alter
the fetal metabolic profile [67] and is associated with more
adiposity and changes in the thermogenic capacity and the
insulin and fatty acid oxidation signaling pathway in visceral
fat [68], altered adrenal growth and HPA function [20], and
altered liver growth, gluconeogenesis and lipid metabolism
pathways in fetal liver [69, 70]. Overall, these fetal adaptive-
like responses to maternal nutrition in muscle, liver and fat are
also likely to have metabolic ramifications in later life.
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Figure 2.3 Vasorelaxation to acetylcholine (ACh), sodium nitroprusside (SNP)
and UK14304 (α2 adrenoceptor agonist) in femoral arteries of fetuses from
control and nutrient-restricted ewes. Data are expressed as a percentage of
initial preconstriction. Values are mean ± SEM in control ( ○ ), 70% global ( ● ),
and 70% protein ( ▲ ) fetuses. * P < 0.05 (ANOVA), significantly different from
control; † P < 0.05 (ANOVA), significantly different from global group.
Reproduced, with permission, from Nishina et al. [50]
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Timing of Birth
Spontaneous preterm labor is of serious obstetrical concern
but discussion of its etiology is beyond the scope of this
chapter. Nonetheless, adjusting the timing of labor is one
potential strategy that the fetomaternal unit could adopt in
the face of a change in the maternal nutrient environment. In
sheep, poor maternal weight gain in the first 20% of gestation
(resulting from undernutrition) increased birth weight and
gestation length in male twin pregnancies [25]. It seems likely
that the underlying mechanisms involve the HPA axis through
changes in the preparturient fetal cortisol surge (essential for
the initiation of normal labor) since the early nutrient restric-
tion also reduced maternal plasma cortisol levels at 30 days of
gestational age (dGA), which might have influenced the devel-
opment of the fetal HPA axis. Indeed mild undernutrition
(a 15% reduction in maternal nutrient intake) during early
gestation reduced pituitary and adrenal responsiveness in
late-gestation ovine fetuses [27]. In contrast, accelerated
maturation of the fetal HPA axis is seen with a more severe
undernutrition challenge [71], which appears to trigger early
maturation and delivery of the fetus. Taken together, these
findings suggest that the effect of the maternal environment
on the timing of labor depends greatly on the timing, duration,
and severity of the insult. Early delivery could make sense if the
environmental challenge exceeds the limits of fetal adaptation
(e.g. growth and cardiovascular control), while increased ges-
tation length, however modest, could thus be part of a strategy
for allowing more time in utero for maturation and growth in
the face of a milder challenge.

The Pathway to Fetal Adaptive Responses
Candidate mechanisms for alterations in fetal cardiovascular
control and growth in the face of an altered developmental
nutrient environment include glucocorticoids (i.e. HPA axis),
the renal-RAS, and the IGF axis. Additional work has been
conducted on the mechanisms by which dietary imbalance in
pregnancy may be transmitted to the fetus. These include the
carotid chemoreceptors, which mediate rapid fetal cardiovas-
cular adaptations to hypoxia and are responsive to reductions

in circulating plasma glucose [46, 72]. In this section the role
of maternal adaptations, placental adaptations, and epigenetic
mechanisms in the pathway to fetal adaptations will be
considered.

Maternal Adaptations to Pregnancy
Nutritional restriction markedly reduced concentrations of
total α-amino acids (particularly serine, arginine-family amino
acids, and branched-chain amino acids) and polyamines in
maternal uterine artery and fetal plasma, and in fetal allantoic
and amniotic fluids, at both mid and late gestation. During
normal pregnancy, there is a redistribution of cardiac output
in favor of the reproductive tract. In humans this is contrib-
uted to by vasodilatation in the uterine bed via vascular endo-
thelial growth factor (VEGF)/nitric oxide mechanisms. In the
rat, dietary restriction of the mother (50%) resulted in main-
tained maternal liver blood flow at the expense of the pregnant
uterus [73] and maternal low-protein diet impaired vasodilator
response to VEGF in late pregnancy uterine arteries in vitro
[74]. In sheep, 40% restriction of maternal nutrition decreased
uterine artery blood flow [75]. In hypertensive rat offspring of
protein-restricted dams the mesenteric vasodilator responses
to acetylcholine are blunted [18]. Subsequent studies suggested
that the vascular dysfunction induced by a low protein diet in
the maternal uterine/mesenteric arteries and in the offspring
mesenteric vessels (and hypertension) could be ameliorated
by dietary supplementation with folate, a key player in gene
methylation, or the conditionally essential amino acid glycine
[76]. Uterine vascular dysfunction of female offspring is likely
to contribute to intergenerational effects observed in F2 gener-
ation offspring of raised blood pressure and mesenteric artery
endothelial dysfunction in adult life [29].

The Role of the Placenta
The environment of the preimplantation embryo is well
known to influence the allocation of cells to the inner cell mass
(which becomes the fetus) and the trophectoderm (which
becomes the placenta) [77]. Once the placenta is established,
it can act as a simple conduit for nutrients from the maternal
circulation to the fetus. But there is mounting evidence that the
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Figure 2.4 Capillary density and capillary:myofiber ratio in the triceps brachii muscle of late-gestation fetuses. Capillary density (A) and capillary : fiber ratio
(B) in control (C, n = 6), peri-implantation restricted (PI, n = 9) and late restricted (L, n = 6) groups. Values are mean ± SEM. * P < 0.05. Reproduced, with permission,
from Costello et al. [56]
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placenta may take a more active role in mediating the fetal
response to maternal constraints on development, and it is
suggested that the way in which the placenta responds will be
subject to evolutionary selective pressures to increase Darwin-
ian fitness (i.e. reproductive success) [78]. The size and func-
tion of the placenta is known to be influenced by a wide range
of hormones and nutrients from the mother and fetus. In
humans, maternal upper-arm muscle mass before pregnancy,
an index of lean mass, is related to activity of the amino acid
transporter system A in the term placenta [78] (Figure 2.5).
These data provide the first link between maternal body com-
position and placental function, which could influence the
environmental signal that is transmitted to the fetus. In Rhesus
macaques, placental perfusion (maternal spiral artery Doppler)
was lower following a low protein diet from conception and
throughout pregnancy, possibly due to altered spiral artery
remodeling in early pregnancy involving nitric oxide and/or
tissue inflammation [79]. In addition, the placenta adapts its
function (e.g. glucose and system A transporters) to help
maintain fetal growth when placental growth is compromised
by general maternal undernutrition or even a specific defi-
ciency in vitamin D [80]. In mice, elegant mechanistic studies
using genetic models of overgrowth and fetal-placental mis-
match suggest that the placenta can fine-tune the supply of
maternal resources to the fetus via p110α (PIK3CA) in accord-
ance with both the fetal drive for growth and the maternal
ability to supply the required nutrients [81].

Epigenetic Modifications
The persistent effects of the early nutrient environment on later
cardiovascular phenotype of the offspring may be mediated by
epigenetic processes that alter gene expression without
changing DNA sequence. These could set up later responses
to transcription factors and their impact may not become
apparent until later life, perhaps when an additional challenge
is received. Depletion of vitamin B12, folate and methionine
in the periconceptional diet of ewes led to widespread
altered DNA methylation in the liver of adult offspring, which

was associated with elevated blood pressure [83]. In rats, mater-
nal protein restriction in pregnancy caused increased methyla-
tion and decreased expression of genes (e.g. peroxisome
proliferator-activated receptor [PPAR] gamma and glucocorti-
coid receptor [GR]) that regulate cardiovascular and metabolic
function. These effects can be prevented by maternal dietary
folate supplementation and can be transmitted to the F2
generation [84]. In sheep fetuses, periconceptional undernutri-
tion altered epigenetic regulatory mechanisms (i.e. histone
acetylation and methylation) in hypothalamic POMC (pro-
opiomelanocortin) and GR genes that influence food intake,
energy expenditure, and glucose homeostasis in later life [85].
In the baboon, hypomethylation of the PCK1 gene promotor
region in the fetal liver was observed following moderate
maternal undernutrition between 0.16 and 0.9 gestation [86].
In sheep, prenatal and postnatal undernutrition altered methyl-
ation of imprint control regions of imprinted gene clusters
DLK1/MEG3 and IGF2 in adult offspring liver in a sex-specific
manner [87] and may underlie the metabolic and growth
phenotype observed in these offspring. Overall, the evidence
to date suggests that epigenetic modifications provide a mech-
anism by which environmental influences on cardiovascular
control, metabolism and growth might be integrated into a life
course response, starting from very early in development.

Adjusting Our Focus on Interventions for
Adult Health
The substantial body of work on adaptation by the fetus to the
early environment, from animal physiology and human
epidemiology and trials, has fundamentally refocused how we
view what makes us healthy. The emergent role of early devel-
opment in setting an individual’s risk of disease in later life
substantially undermines hopes that health interventions in
adult (sometimes in childhood) lifestyle and nutrition will
succeed in combating the epidemic of NCDs. One hope is that
the animal model data combined with current clinical diagnos-
tic tools (e.g. umbilical cord sampling, non-invasive fetal heart
rate monitoring, and ultrasound assessments of the fetal circu-
lation and growth) will help derive early life markers of car-
diovascular risk and inform future interventions in early (even
fetal) life. Methylation of several genes in human umbilical
cord tissue (including the promoter of the long non-coding
RNA ANRIL, CDKN2A) have now been associated with new-
born/childhood body composition, bone mass and cardiovas-
cular risk, and in some cases additionally linked to markers of
the prenatal environment [87, 88]. Indeed, the safety of more
targeted interventions continues to be debated, including
pharmacological approaches (e.g. statins or metformin) and
gene therapy to improve uteroplacental perfusion [89]. How-
ever the biggest change may come from adjusting the focus of
the diet and lifestyle advice from adult life to much earlier in
the life course. The outcomes from randomized controlled
trials of complex interventions targeting diet and physical
activity from 15–18 weeks’ gestation in pregnant women who
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Figure 2.5 Placental system A activity at birth is associated with pre-pregnant
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permission, from Lewis et al. [82]
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