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Intrauterine growth restriction (IUGR) is a complex glob#lealthcare issue. Concerted
research and clinical efforts have improved our knowledgefahe neurodevelopmental
sequelae of IUGR which has raised the pro le of this complex pblem. Nevertheless,
there is still a lack of therapies to prevent the substantiaiates of fetal demise or the
constellation of permanent neurological de cits that aris from IUGR. The purpose of this
article is to highlight the clinical and translational gapis our knowledge that hamper our
collective efforts to improve the neurological sequelae dUGR. Also, we draw attention to
cutting-edge tools and techniques that can provide novel isights into this disorder, and
technologies that offer the potential for better drug desig and delivery. We cover topics
including: how we can improve our use of crib-side monitorig options, what we still need
to know about in ammation in IUGR, the necessity for more huran post-mortem studies,

lessons from improved integrated histology-imaging anases regarding the cell-speci c

nature of magnetic resonance imaging (MRI) signals, optisrio improve risk strati cation

with genomic analysis, and treatments mediated by nanopaitle delivery which are
designed to modify speci ¢ cell functions.

Keywords: growth restriction,
neuroin ammation

neurobiology and brain phys iology, brain development, neuroprotection,

INTRODUCTION

Intrauterine (or fetal) growth restriction (IUGR, FGR) is csed by a heterogeneous set of
maternal and fetal clinical pathologies. Stillbirth, netalanortality and poor neurological, and
cardiovascular outcomes are all too common consequendéiGiR. We do not have the clinical
tests to reliably predict the onset of IUGR, or even to reliathdect it, when present in late
gestation. A diagnosis of IUGR is simply the indication thag thfant has a birth weight below
their genetically predetermined potential, with no etiolcafi meaning. Our understanding of the
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clinical progression of IUGR including the poor outcomes already known to be associated with IUGR and asked
neurodevelopmental outcomes has increased due to improvebe participants to rank or stratify the importance of theseeTh
imaging techniques, such as Doppler velocimetry ana@nd result was that somatic growth indices, umbilical arter
magnetic resonance imaging (MRI). Nevertheless, as a réseapulsatility index, and absent end-diastolic ow were thedesd
community, we are still striving to understand the patholmaji  diagnostic criteria. At this point we would like to highlight
mechanisms leading to the various subtypes of IUGR (discusséere is no pathophysiological meaning within the term IUGR
below). Increase of this knowledge is crucial for tailoring(or FGR) as IUGR ultimately is a symptom, like the diagnosis
therapies to prevent or treat IUGR and, in particular to reduceof microcephaly (i.e., brain growth at or below two standard
brain injury. Highlighting the need for a continuing collidee  deviations from the mean). The term IUGR (or FGR) is as useful
research e orts is that, depending on the specic de nition for understanding the disorder as if we used the term PRBS
of IUGR applied (discussed below), the incidence of IUGR i¢poorly regulated blood sugar) in place of diabetes. The Delphi
between 3 and 9% of pregnancies in high resource settings, bptocedure o ers no clari cation on whether it is possible to
horri cally, in low-resource settings, the rates are ashég 30% stratify patients based on the underlying cause of their IUGR,
of pregnanciesl)). although admittedly, this was not its purpose. However, we need
The purpose of our review, written in a narrative form to revaluate the criteria currently used to determine IUGRg (e
[as de ned in McGaghie 4)], is to highlight the gaps in our somatic growth, umbilical blood ow) some of which might
clinical and translational knowledge, and the weaknessesio  well-re ect compensation and adaptation to an underlying,
research methods that hamper our collective e orts to improveunidenti ed causal mechanism. Additional measurementsldo
the neurological outcomes of those infants diagnosed WitBR.  include blood-based biochemical measures of in ammation,
Our opinions and interests are diverse—as authors we includglacentally-derived biomarkers, postnatal blood pressure and
clinicians working as obstetricians, neonatologists, aednatal urine parameters, and additional biometrics such as skidgol
neurologists, plus researchers with expertise in fetal plogjo and skeletal phenotype. Meta-analysis of clinical data banks,
and developmental neurobiology. We will focus on new cutting together with studies on stored chorionic villiand materhkod
edge tools and techniques that might provide novel insights i retained after routine clinical testing, and (albeit, compted)
this disorder of fetal growth, and on technologies that o @et the recruitment of further large prospective cohorts—could
potential for better drug design and delivery. We will coverprovide us with biochemical parameters that closely re ect the
topics including maximizing the benet of data from scarce underlying causes of reduced fetal growth, and how thesdifstr
human post-mortem tissues, lessons from advanced histdbgi with risk across the lifespan.
analyses regarding the cell-speci ¢ nature of MRI signals poygti How we name a disease has a signi cant bearing on how
to improve risk strati cation with genomic analysis, and newwe then think about it, and ultimately, how we model and
treatments based on delivery of nanoparticles designed tafjnod aim to treat it, so these issues of universal nomenclature are
cell-speci c functions. important; see commentaries by Dammann et &), (and
Mclintyre et al. ¢) for the importance of classifying known
causes, and not symptomatic outcomes. A recent summary of
WHAT IS IUGR? the de nition(s) of IUGR as they have evolved over the past
30 years highlights three facts: (1) that a signi cant numbg
The issue of an optimal de nition for IUGR has been calledclinical studies on IUGR (11%) gave no de nition of IUGR;
“one of the most common, controversial, and complex problemg2) that ultrasound measurements of fetal biometrics, bat n
in obstetrics” B). Simply, IUGR is usually recognized when anDoppler measurements of placental and/or fetal brain blood
infant appears to have failed to grow to its expected size—basemvs, have been increasingly used to de ne IUGR, arfij;that
on it genetically pre-determined potential. Most surprisinglyoverall the primary, consistently used characteristic of IUGR
though, there is no universally applied de nition of what diagnosis is birth weight7). This last observation highlights
threshold of body weight clearly de nes an infant as IUGRthat we are missing opportunities to identify the early prehata
with birth weights at or below the 10th or the 3rd centile, andevents that lead to IUGR, and therefore of developing our
concomitant changes in placental blood ow and gestatiomgg a approaches to increase the e cacy of interventions, and the
all taken into account with varying frequencies across theal opportunity to prevent, rather than repair brain damage and
care centers even within countries. An advance in bringing #erefore to improve neurological outcomes for these indant
universally recognized de nition to the eld was made with via early identi cation. A further confounder in diagnosing
the recent publication of a Delphi procedure resulting in anlUGR is the lack of accurate gestational dating, as in many
agreed de nition of IUGR {). However, although a Delphi countries (including the USA) routine ultrasound dating ssa
procedure is a well-established method for nding consensusare not available and estimates based on last menstrual peméod
only 45 participants from across the entire world took part; 54%generally unreliable.
of these being from Europe, encompassing 37 member states Maternal and fetal genetic factors are responsiblexfé0%
with various population risk factors and health care paradigmsof the variance in birth weightd). As such, is it critical to
In addition, Asia and Australia were grouped as a single entitgeparate healthy infants that are small for gestational 8GA\]
with only 10 opinions received from these diverse areas of théue to inherent genetic factors from those with reduced grow
world. The Delphi procedure presented clinical variables andhat are at risk of sustaining neurological injury and meihd
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dysfunction. Personalized growth charts, based on matemmé  for treatment of IUGR (7). These guidelines will ensure the
fetal characteristics (such as age, body weight, fetalesek, collection and reporting of a minimum dataset, agreed by
ethnicity), have improved our ability to di erentiate IUGR and stakeholder consensus that will reduce inconsistenciesén t
SGA infants [for a commentary se8)]. While correcting for  reporting of outcomes across relevant trials. For comprehensiv
maternal parameters seems appropriate, perhaps correcting faviews on IUGR-related brain injury, including speci csatdd
ethnicity might normalize a socially disadvantaged groufhw to the type and severity of IUGR and outcomes, we refer the
higher rates of growth restriction and poor obstetric outcem reader to Miller et al. 18), Tolcos et al. 19), and Gilchrist et al.
This was perhaps best re ected in INTERGORWTH 21 which(20). Over all, infants that were born IUGR have a signi cantly
recruited over 20,000 pregnant women from numerous couastrieincreased risk of motor and sensory neurodevelopmental d, ci
around the world in regions where the health and nutrition of cognitive and learning impairments, and cerebral palsy (see
the mother were met and antenatal care was adequate, and thegpers above). In particular, in near-term and term infants the
demonstrated that the growth parameters were similar relgasd  rates of cerebral palsy are higherin IUGR infants (16.5%) than th
of ethnicity. rates in infants exposed to birth asphyxia (8.5%) or in ammatio
IUGR is also classi ed as symmetric or asymmetric IUGR4.8%) ¢1). A common comorbidity of IUGR is preterm birth,
(Figure 2), dependent on the ratio of the head circumference taand this confounds our understanding of the speci c e ects of
the abdominal circumference, which is increased in asymimet IUGR on brain development and function (discussed below). In
IUGR. This categorization is based on the idea of brain sparingddition, the risk of delivering an IUGR baby is higher for wama
arising (typically) from late-onset IUGR. Early-onset IUGRwith chronic hypertension, pre-eclampsia, low socioeconomic
(before 32 weeks post-conceptional age [PCA]) is more oftestatus, overt diabetes, anemia, gestational diabetestusgll
associated with the symmetrical form of IUGR, and late-onselow pre-pregnancy body mass index, or hypothyroidis#®)(
IUGR (after 31C 6 weeks PCA) is more often associatedWhether each of these risk factors leads to a speci ¢ phenotype
with asymmetric IUGR. For further details on brain sparingof outcome for the IUGR infant is still a matter that requires
and a discussion on the consequences and relationship batweconsiderable study. A number of these risk factors and their
adaptive to maladaptive (compensatory vs. decompensatorgausal role in IUGR is discussed further below.
processes, see the section on “Causes of IUGR," below. There is
also a third phenotype of IUGR re ecting the accumulated e ect

of earlyand late IUGR risk factors{0). This mixed phenotype S\NHAT ARE THE CAUSES OF IUGR?

Is observed predominantly in pregnancies complicated by Ioeri1"he primary cause of IUGR is widely considered to be placental

conceptual malnutrition, and then by placental dysfunctioni su ciency- i.e.. inability of the placenta to adequatel it
later in pregnancy. These infants are suggested to presemt Wip Y: 1.€., y P q Mo

: . . g etal growth. However, the causes of placental insu ciency
symmetric growth, but with severe signs of malnutritionchas are manv and over-lappina. and include constricted spiral
high numbers of scapula skin fold$a). y ppINng, P

arteries and increased coagulation leading to fetal hypoxia
(as in maternal hypertension), and inappropriate substrate
WHAT ARE THE OUTCOMES ASSOCIATED availability due to maternal under-nutrition or o_ver-nl_jlion
WITH IUGR? (22, 23) (seeFigure 1. For the purposes of this review we

: won't discuss in detail the relationship between IUGR and
maternal drug use (alcohol, tobacco, cocaine etc) or the
association with infectious agents, the so-called “TORCH”
infections; Toxoplasmosis, Other (syphilis, hepatitis Bicedla-
zoster virus, human immunode ciency virus [HIV], parvovisu

IUGR fetuses are at increased risk of stillbirth, fetal connpise,
early neonatal death, and neonatal morbidity1), A vast
literature including many works from Winder et al. has

demonstrated that the availability of physiological resmsr B19, enteroviruses, lymphocytic choriomeningitic virug. gt
that support growthin utero, which include not only maternal ’ , lymphocy 9 ‘

nutritional status (2) but also placental size, shape, andRUbe”a’ Cyt_omegalovirus, and Herpes_simplex virus._However,
metabolic e ciency, have e ects that continue to have anthese infections and exposure to environmental 'Foxms often
impact on health throughout childhood and adult lifeé% 14). Ieapl toa complnex c_onstellat!on of gutc_omes (mlcrocgphaly,
Indeed, IUGR-bom infants are prone to a range of healthLaC'al abnormalities, intracranial calci c_atlons, ras;hundl_ce,
o o . . . epatosplenomegaly, elevated transaminase concentrainds
problems, including increased risk of cardiovascular dissand thrombocytopenia) which, although low in incidence in high-

neurodevelopmental disorderss, 16). . - e : ;
It has been dicult to compile outcome data from the income settings44), are signi cant in low resource settingg9).

many studies on IUGR, because in addition to the fact that

IUGR includes an inconsistent, heterogeneous set of clinica-at€ vs. Early Onset [IUGR and the

characteristics and underlying etiologies, postnatal dgparting  “Head-Sparing ” Effect

includes further inconsistencies in patient selection anttome  In addition to linking IUGR to speci ¢ pathological processes,
parameters. To enable future trials to measure similar megfol  as discussed above we also classify IUGR as symmetric or
outcomes, the Core Outcome Set for GROwth restrictionasymmetric Figure 2), dependent on the ratio of the head
deVeloping Endpoints (COSGROVE) consortium is developingircumference to the abdominal circumference of the infant
two core outcome sets—one for prevention and the otheAsymmetric IUGR is the result of “brain sparing,” a process
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FIGURE 1 | Outline of the causes of IUGR including contributions from ntarnal, placental and umbilical cord, and fetal dysfunctio or injury. Adapted from Vijayaselvi
and Cherian £2) and Gaccioli and Lager3).

whereby brain growth is less a ected than body growth due t®25-64 years of age is at 15%, in India 9%, and in Australia
the redistribution of cardiac output. While brain sparing doe 5% (WHO, heath-topics, 2018). An increased body-mass-index
not completely prevent the damaging e ects of IUGR on brainis also a major risk factor for gestational diabetes that also
development £6, 27), it is nonetheless associated with betterassociates with poor fetal outcomes. The e ects of diabetes on
neurological outcomes than when brain sparing does not occuhe placenta occur irrespective of the cause of diabetes and th
(29). Itis also worth noting that mortality is higher in IUGR with careful management of blood sugar, and include thickenihg o
symmetric growth even after adjusting for possible cofougdin the trophoblast basement membrarg?), which impairs oxygen
factors @6). Brain sparing can be detected prenatally based oand nutrient delivery. Diabetes is associated with a highkrase
the Doppler pulsatility index (PI) in the middle cerebral aiger of placental cytokines such as leptin, tumor necrosis faator-
(MCA); Plis reduced by the decreased cerebral resistanagwh (TNF-a), and Interleukin-6 (IL-6) [see Pantham et &3]. Over-
allows a greater fraction of the cardiac output to perfuse theutrition in the (apparent) absence of co-morbidities is also
brain. However, this compensatory process of blood distidout associated with poor placental development/function and poor
can become “decompensatory” because the increase of brdétal outcomes [recently reviewed in Howell and Powal)],
blood ow and blood volume themselves become damagi#).( and this has also been demonstrated in experimental models,
Understanding when and how the alteration of relative ceaébr including sheep, mouse, rat, and rabld&¢37).
blood ow is switched from a compensatory to decompensatory An important link between maternal overnutrition,
response is clearly important for devising the most appropriat@oor placental development, and poor brain development
interventions and therapies. It is worth noting that brain sipg  is in ammation. Obesity is a known driver of systemic
does not reduce the consequences of IUGR on later health, suchammation and neuroin ammation (see microglial section
as increased adiposity, diabetes, and cardiovascular, rt&s below) (38), and a precise regulation of the maternal and fetal
[reviewed in Sehgal et aB@) and Devaskar and ChiB()]. immune system is required for proper placental function and
Maternal risk factors, especially diabetes, high body-maséetal brain development. Of note, adipose tissue produces
index and hypertension, are relevant risk factors for IUGRadipokines, including the pro-in ammatory factors TN&-IL-6,
across both high- and low-income settings. This blurring ofand MCP1 (macrophage chemotactic protein 1 also known
income-related demarcations is driven in part by changes ims CCL2). This is considered to explain (at least, in part) why
diet and lifestyle, such as adoption of a “western-stylet diel  maternal obesity is associated with higher levels of cutou
changes in the nature of “work” with more people employedin ammatory mediators during pregnancy and dysregulated
in sedentary activities in urban centers across contineAts placental nutrient transport39, 40); such systemic and placental
illustration of this is the increased risk for an IUGR infanhen  in ammatory e ects can be reproduced by over-nutrition in
a woman is diabetic; in Africa the rate of diabetes in adultgpregnant sheep, leading to IUGRI(42).

Frontiers in Endocrinology | www.frontiersin.org 4 March 2019 | Volume 10 | Article 188



Fleiss et al. Gaps and Emerging Research Areas in IUGR

FIGURE 2 | Representation of the physical presentation of symmetridaand asymmetrical IUGR and a short list of clinical charactistics and causes. * note that
incidence data are from high-resource settings. A third pheotype is proposed in low-resource settings, that includesharacteristics of malnutrition and late gestation
placental insuf ciency (L0), not shown. # Ponderal index, (birth weight (g)/length(cﬁﬁ) 100). HC, head circumference. AC, Abdominal circumferenceGW,
gestational weeks. AC, abdominal circumference. EFW, Estiated fetal weight. Delphi criteria from Gordijn et al4f.

Preeclampsia increases the risks for IUGR 4-fold and is disorders and understanding the similarities and di eresell
leading cause of maternal and fetal death. Preeclampsia isba useful for managing maternal and fetal riglé{47).
condition of vascular endothelial dysfunction and vasospas In low resource settings malnutrition is a leading causal
that occurs after 20 weeks of gestation that has its origins ifactor in IUGR, and all too often these IUGR infants are
inadequate trophoblastic invasion of the uterine vasculad,b also delivered preterm adding to the burden of mortality and
in particular, of the spiral arteries. World-wide, preeclangsi neurodevelopmental injury 48, 49). Malnutrition is linked
occurs in 8—10% of pregnancies and this rate is consistensacr not only to economic factors, but also to cultural and social
high, middle-, and low-income settings. The factors astted norms that include young maternal age, and repeated and
with the onset of preeclampsia include pregnancy at a young arlosely spaced pregnancies. UNICEF estimates that in the most
advanced age, high maternal body-mass-index and psycladsodieveloped countries 7% of babies are of low birth weight
stress. Preeclampsia is usually associated with IUGR, biyt eafencompassing prematurity and [IUGR predominantly), whereas
onset preeclampsia may be associated with an enlarged placeintdess developed, and the least developed countries, rales of
and over-large birth weight. While reports show there arebirth weight deliveries increase to 16.5 and 18.6%, respbgtive
di erences in placental function and biomarkers between IUGRrepresenting more than 22 million babies annually. Although
and preeclampsia, there is overlap between the outcome ie thegreat improvements in health and well-being are being made,
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especially as part of the Millennium Development Goals, speci @llopregnanolone, promote, and protect fetal brain developmen
focus on how to overcome poor neurological outcomes foby promoting fetal sleep and quiescencé4j(and references
the infants born to these mothers is still greatly needed. Fowithin (65)]. It has been hypothesized the allopregnanolone is
more details on IUGR in less well-developed countries pleassn endogenous neuroprotectant, via its e ect of global infdoit
refer to these referenceq, (10, 48-52). Trials of nutritional of CNS activity, that protects against antenatal brain igjur
supplements (micronutrient-supplemented protein, balanced66-68).This eld of steroid research has given rise to the
calorie supplements etc.) in women with an IUGR pregnancyotion that there is a “placenta-brain axis” that re ects tbe-
identi ed in the 2nd trimester have failed to improve outcosje ordinate development of the fetal adrenal gland, liver, aedst
and overall the literature supports pre- and peri-conceptionametabolizing functions of the placent&y 70). Neurosteroids
nutrition as a major determinant of fetal development andderived from progesterone such as allopregnanolone interact
pregnancy outcome [reviewed in Liberato et ab). with GABA-A receptors and increase central nervous system
(CNS) inhibition (71, 72). In uncomplicated pregnancies there
are high levels of neurosteroids such as allopregnanolotieein

WHAT ARE THE PRIMARY fetal brain immediately before birth, but these levels fapidly
NEUROPATHOLOGICAL PROCESSES with removal of the placenta because they are cleared quickly
IN IUGR? from the circulation, and have a half-life of only minutes3j.

In the placenta of infants born preterm the activity of these
Placental Dysfunction neurosteroidogenic pathways is reduced, raising the poigibil

Early-onset IUGR is associated with high impedancehat the prenatal and postnatal paucity of allopregnanolone
uteroplacental perfusion and elevated umbilical artery bloodnight a ect brain development in these infant§4). In the
ow resistance as measured by Doppler ultrasound [reviewederum of pregnant women carrying an IUGR fetus, levels of
in detail by Dall'Asta et al. §4)]. Late-onset IUGR is more allopregnanolone are lower¥), and in animal models of IUGR
common, occurring in 70—-80% of IUGR cases and the diagnostee neurosteroid systems (genes and proteins) are lower in
and monitoring of late-onset IUGR has been recently reviewethe fetal brain {6, 77). Direct inhibition of allopregnanolone
by Figueras et al5(). Overt placental pathology may be mild, or production during development causes brain injuryg( 79
even absent in late-onset IUGR, and the Doppler parameters ahd lasting behavioral de cits8(). It is thus reasonable to
umbilical artery blood ow may even be normal, but changes insuggest that progesterone, and even allopregnanolone,cheul
brain blood ow dynamics, such as fetal middle cerebral arte replaced in preterm and IUGR infants to improve neurological
impedance, may be reported indicating compensatory changesitcomes §1). For example, Ganaxolone is a synthetic analog of
to cardiac output indicative of established IUGR. In additian t allopregnanolone that has a long half-life, has shown prorasse
changes in uterine artery blood ow indicating high vasaula a seizure therapy in adults and children refractory to awiizare
resistance, placental studies reveal the important contiobu treatments, and in animal studies does not alter fetal Vitgbi
of placental infarcts, and changes in placental amino acid andeonatal growth, and is without teratogenic or genotoxic@se
micro-nutrient transporters, and pathways for growth factor[reviewed in Hirst et al. §1)]. Ganaxolone therapy should (like
production, further support the concept of “functional” placaht all drugs) be trialed in large animal models (powered for sex
insu ciency of IUGR (56, 57). Based on these human studies,and with long term outcome) of the various types of IUGR that
animal models of IUGR have been created that recapitulatean now be modeled—for example, by delayed onset chronic
aspects of the human condition (discussed below), and by arttypoxia such as the single artery ligation (SUAL) sheep model
large demonstrate the link between the deprivation of oxygen(82); early onset placental insu ciency in piglets-64); maternal
glucose, amino acid, and growth factors to the slowing ddlfet overnutrition before and during pregnancy in the shee@23}(
growth. In addition to this it is now apparent that the abnormal An important layer of safety data that needs to be obtained
change in placental metabolism results in increased prodaocti is the speci ¢ interaction that early treatment with ganaxaé
of reactive oxygen species (ROS), aberrant activation of thmight have on the developmental switch of GABA receptors
complement cascade, re-programming of microglial phenotyp&om excitatory to inhibitory @4). This event is predicted to be
(see below), and changes in the trajectory of brain matarati before 26 weeks' gestation in humans and it might be expected
that include dysregulated neural cell proliferation, slowerthat before this time that ganaxolone would induce, not supres
maturation of oligodendrocytes resulting in hypomyeliratj  neuronal activity.
and increased programmed (apoptotic) cell dedfb-61). We Of the amino acids transported and metabolized by the
refer the reader to publications describing the mechanismplacenta, tryptophan has a special signi can@)( It is an
underpinning the neuropathology of IUGR for more details onessential amino acid, but protein synthesis accounts foy anl
these processesq, 62, 63). minor part of its fate, the greater part being committed to the
In addition to the somewhat obvious link between the placent&ynurenine and serotonin pathways. Conversion of tryptophan
as a source of cytotoxicity, there is the possibility thatwgto  to kynurenine via indoleamine 2,3-dioxygenase (IDO) inlgar
promoting cytokines and neurotrophic growth factors aregdte  pregnancy may be important for immune suppression and
with placental insu ciency. In addition to somatic growth acceptance of the conceptus as an allogré&fi).(Later in
factors such as IGF1, the placenta is a source of pregnepesgnancy the synthesis of kynurenine may be more important
and androgen steroids that directly, or via metaboliteshsas because it is the precursor of kynurenic acid, a physiological
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glutamate receptor antagonist, which acts as a neuropratectasince DO is known to utilize the superoxide anion as well as
(87). Both gene and protein expression of IDO and tryptophanmolecular oxygen for its oxygenase activi§d)( A decrease
2,3-dioxygenase (the second enzyme in the kynurenine tm IDO expression as a result of hypoxia may therefore lead
tryptophan conversion) are signi cantly lower in IUGR-a ected to decreased clearance of superoxide and an in ammatory
placentas compared with controls [reviewed [B8)]. IDO isan  response, potentially increasing placental 5-HT synthesi$, wi
oxygenase, and its activity is downregulated in reducedjemy consequences for brain growtt®4). Alternatively, decreased
conditions; demonstrated irex vivo rst and third trimester kynurenine synthesis as a result of hypoxia may shift the
human placental explants exposed to lower oxygen (5—-8y60 tryptophan catabolism pathway in favor of 5-HT synthesis.
higher oxygen (20% &) conditions. Exposure to lower oxygen Clearly, the full e ects of IUGR and placental hypoxia on
levels reduced IDO mRNA and protein expression, and otheplacental tryptophan catabolism are largely unknown but likely
kynurenine pathway enzymes and kynurenine output was als be important for setting the chemical environment in the
signi cantly reduced 88). In ammatory mediators, such as IUGR brain, and determining vulnerability to damage arising
TNF-a, IL-1b, and interferon-gamma, induce IDO expressionfrom hypoxia, oxidative stress, or in ammation.
thereby increasing tryptophan degradation to kynureninet bu
with the result that pro-oxidant (e.g., 30H-anthranilic agid In ammation and Neuroin ammation
and glutamate agonist metabolites (e.g., quinolinic aci® a The term in ammation is used to describe the production of
produced 85). The impact of IUGR on the placental metabolism cytokines, chemokines, reactive oxygen species, and sagond
of tryptophan is not fully understood, but it can be seen froneth messengers, together with the paracrine and autocrine e ects
above that placental insu ciency could have a signi cantingba of these factors. In the CNS, microglia and astrocytes aee th
on the fetal brain via alterations in the placental degramtati primary drivers of in ammation, i.e., neuroin ammation. Bb
of tryptophan. systemic in ammation and neuroin ammation play a central
Tryptophan is also the precursor for the synthesis of serotonimole in the pathophysiology of various forms of perinatal brain
(5-HT). Abnormal levels of brain 5HT have been linked todamage, as shown by observations from both animal models
neurodevelopmental disorders such as autism spectrum désordand the human neonate96-97). The levels of circulating
(ASD) (89), but when these abnormalities arise in humans (i.e.¢cytokines in neonates born after IUGR are signi cantly iresed
antenatally or postnatally?) is unclear. There is evidenoea f on postnatal days 7 and 14 compared to levels measured in
mouse pregnancies that placental 5-HT has an important roleeonates without IUGRY8-100. This postnatal systemic pro-
in early fetal brain development, in that the 5-HT needed forin ammatory state following IUGR could be, at least in part,
early forebrain development initially comes from the pla@ent responsible for the frank brain damage and neurodevelopnienta
(90). In early neurodevelopment 5-HT functions to regulateimpairments detected in childhood in these individuals. éed,
a number of key processes, including cell proliferation andt the heart of the vulnerability of the immature brain lidset
neuronal di erentiation, migration, and synaptogenesi§), and  systemic up-regulation of pro-in ammatory cytokines and the
experiments in the mouse clearly show the free entry of 5-HTi use activation of cerebral microglia, the mediators ofabr
into the immature brain. However, by late gestation, these iin ammation (95). The activation of microglia and astrocytes
a decrease of placental 5-HT synthesis in humans and mice ascurs via inammatory signals coming from the systemic
the raphe nuclei in the midbrain become competent and 5HTcirculation via receptors on endothelial cells and the vagale,
axons reach the forebrai®(). This co-ordinate change of 5-HT and also by local pathogen- and damage-associated proteins
synthesis between the placenta and brain really does sutygest (PAMPS and DAMPS, respectively) [reviewed in Carty and
presence of a “placenta-brain axis” which should be invetgtija Bowie (L0D)]. In the context of IUGR, and in the absence of
more fully in experimental settings using where IUGR, plackentaobvious pathogens, in ammation can come from at least two
insu ciency, and preterm birth can be modeled in animals with sources: (i) in ammation propagating from the placenta owing
more relevance to human pregnancy. Speci cally, an issue witto the release of DAMPS due to tissue injury (see paragraph
traditional mouse studies is that the fetus is delivered éagesof below), aberrant macrophage activation0g), and idiopathic
brain development equivalent to the start of the second tetae  villitis (103, and; (ii) from direct e ects of hypoxia or other
in the human; this makes studies of the last trimester fetalnutrient deprivation or intoxication on the brain39-42).
placental axis impossible. However, peripherally synthesized 5 Brain cell death, as a predicted consequence of hypoxia
HT does not freely cross the blood-brain barrier in more fullyand other deprivations on the brain, would cause the
developed (i.e., adult) brain97). Goeden et al.92) have also release of DAMPS, such as HMGB1 (high mobility group
demonstrated the e ects of mild maternal in ammation on box 1) that activate immune cells including microglia.
placental tryptophan catabolism to 5-HT. Their ndings sugges Neuroin ammation, mediated by microglia, perturbs normal
that maternal in ammation during human pregnancy may lead brain development directly by causing injury to cells such
to increased 5-HT synthesis in the placenta and output to th@s maturing oligodendrocytes. In addition, an important
fetus, resulting in abnormal serotonergic axon outgrowttoithe  set of developmental processes ful lled by microglia is left
developing forebrain. undone when microglia are recruited to a neuroin ammatory
It is therefore evident that chronic placental hypoxia andresponse and this also damages the developing brain (see
in ammation a ect the catabolism of tryptophan in the placenta. developmental dysfunction, below for further informatiom o
It is suggested that IDO may act as a “sink” for superoxidethe role of microglia). A study of gene expression in micragind
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oligodendrocytes in a model of protein restriction-indudéiR  risks of prematurity with the consequences of IUGR (including,
has revealed a striking induction of in ammation-relateérges  stillbirth) remains a contentious issue. Clinical triadsdetermine
in microglia accompanying the reduction in oligodendrocytethe optimal time of delivery have focused on survival and
maturation and connectivity and functional de cits$5§). This  immediate perinatal outcomes, and often lack long-termdll
was the rst comprehensive study to link protein-restrictisiith  up or an exploration of what features of delivery result in
neuroin ammatory-associated brain injury, and in the fugjwe  optimal long-term outcomes and reduced neurodevelopmental
will look for similarities in related animal models, and urtike  complications. Recent randomized controlled trials (e.gov@h
human post-mortem studies to look for these dysregulatedRestriction Intervention Trial [GRIT]; Trial of Randomized
pathways. We also point the reader toward two excellent reviewdmbilical and Fetal Flow in Europe [TRUFFLE]) have helped
on the role of microglia/neuroin ammation in IUGR, one to shed light on delivery parameters of IUGR babies that lead
written by a team of experts in pre-clinical modeling and brainto improved long-term outcomes. Both studies had a primary
injury including observations of microglia and macro-glie outcome of neurodevelopmental delay at 2 years of age.
in various animal models, Wixey et alL{4), and one from the The GRIT study randomized women at 24-36 weeks PCA
perspective of experienced reproductive immunologists with & early or delayed delivery and included patients when the
focus on maternal immune activation as a driver of microglia clinician was in equipoise about whether they needed deliver
activation, Prins et al.105. “A priori” parameters set to determine when patients would be
It is worth noting that neuroin ammation (i.e., activated delivered were not used in this study. This agnostic approach
microglia) typically carries assumptions of completelycan be seen as a benet, as retrospective analysis could shed
maladaptive or damaging processes. However, less wdight on novel parameters common to infants who did well, but
understood processes of protection, repair and regeneratioibis also di cult, as the motivation for the clinician's desions
are also mediated by micro- and macro-glia, which occur aare not easy to describe or document, and may not have been
speci c times after injury or insult 106-109. Although there adequately captured in the analysis. There was generaihachl
has not been su cient study of microglial phenotypes in cliaic day delivery interval delay between randomizing the participan
or preclinical IUGR models, more knowledge on microglialto immediate vs. delayed delivery. The 2- and 7 year follow-
activation (phenotypes and temporal regulation) will likelyups did not show a di erence in neurodevelopmental outcome
help the development of drugs and treatments that exploit andbetween groups (discussed further below)
expand the reparative e ects of microglia, while decreasirgg th The TRUFFLE trial was performed to examine whether
negative e ects of these cells. Harnessing microglia tomeigge  parameters set “a priori” for delivery are e ective in optimigin
the brain is an approach being applied in the eld of multiple delivery outcomes. Participants with IUGR diagnosed at 26—
sclerosis and adult neurodegeneratidi@-112), and it clearly 32 weeks PCA with an elevated umbilical artery pulsatility

has a place in neonatal neurology. index were randomized to delivery based on: (1) reduced
cardiotocography fetal heart rate short-term variation 8T
Developmental Disturbance CTG); or (2) early ductus venosus (DV) changes via doppler; or

The trajectory of brain development is altered by the presence) late ductus venosus changes. They found that more isfant
of damaging stimuli, but also by the loss of cells, procességndomly assigned to delivery based on late changes in the
and factors that are important for brain building. As mentiahe ductus venosus (95%) were free of neurological impairment
above, the causes and e ects of IUGR include processes @@mpared to those assigned to cardiotocography (85%), but this
in ammation, placental growth factor deprivation and hypoxia Was accompanied by a non-signi cant increase in perinatal and
which together aect the trophic actions of secreted factorgnfant mortality. They therefore concluded that delivergsed
such as serotonin, allopregnanolone, tryptophan, and IGAM/2. on late changes in DV ow might reduce long-term neuro-
addition, we wish to highlight that the “distraction” of mioglia ~ impairment. When the actual criteria for delivery in theséods
away from their normal physiological role in promoting Was dissected it became clear that the majority of patients in
proliferation, path nding, myelination and synaptogenesigdlw the delivery for DV changes were being delivered based on the
cause signi cant damage to the developmental trajectonyhef t safety net criteria of spontaneous decelerations in the fetaft
brain [reviewed extensively in Prins et al0f), Hagberg et al. rate. When the two cohorts being delivered for DV changesewer
(113, Pierre etal. 114 and Tay et al.119] combined the neurodevelopmental outcomes at 2 years of age
were more favorable compared to those delivered based on STV
CTG changes. Therefore, optimal neurodevelopmental outsome

MANAGING THE RISKS OF CONTINUING may result if delivery of very preterm patients is restrictedilun
PREGNANCY VS. PRETERM BIRTH—THE late changes arise in the DV with a caveat of delivery wheneve
PRENATAL CARE TEAM the CTG is abnormali(16 117).

Severe growth restriction at term is also associated with
As there are currently no e ective medical interventionspoor neurodevelopmental outcomesl@. The Disproportionate
for IUGR, management consists of close surveillance aimedtrauterine Growth Intervention Trial At Term (DIGITAT)
at determining the most appropriate time for delivery. Theassessed the impact of immediate delivery vs. expectant
de nition of “most appropriate time” is a question for which management in patients with growth-restricted fetuses at
the prenatal team has few speci c criteria, and balancing théerm. The follow-up at 2 years of age demonstrated similar
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neurodevelopmental gains. However, when assessed byigestalUGR (< 10th centile for birth weight) at 24-28 weeks or
at birth, those in the lowest 2.3 percentile had signi cantly29-32 weeks PCA, and found similar cognitive de cits in
more neurodevelopmental compromise on an “ages and stage&GA and IUGR infants born at 24-28 weeks PCA, but much
questionnaire compared to those with a higher birth weightless in AGA infants born at 29-32 weeks20. This clearly
centile. Indeed, 43% of babies born with a birth weight denti indicates the importance oiih utero brain maturation up to
below 2.3 had an abnormality on the their “ages and stagesit least 32 weeks PCA. The rate of neurocognitive de cits
questionnaire compared to 29% of those borr<datOth centile in the moderately preterm infants with [IUGR was around
and 13% of those with a birth weight greater than the 10thd0% and was identical to the incidence of neurocognitive
centile. This is consistent with a number of cohort studiesde cits in extremely preterm infants129, indicating that the
demonstrating that low birth weight resulted in increasedimpact of intra-uterine and extra-uterine adverse condisanay
learning di culties, defects in speech, neurological deés;siand be similar on the developing brain in early third trimester.

behavioral problemsi(19. However, a limitation of the EPIPAGE study was strati catio
of infants by birth weight alone, with no supporting evidence
for IUGR.
BRAIN INJURY IN THE PRETERM BORN Consistent with these ndings, another study using
IUGR INFANT—THE POSTNATAL neuroimaging showed that at 6 years of age, both extremely
CARE TEAM preterm infants (born before 28 weeks) and moderately preterm

IUGR infants (born after 28 weeks), had decreased brain

The incidence of spontaneous preterm birth in pregnanciesonnectivity (measured using MRI fractional anisotropy) when
with severe IUGR is 2 to 3-fold greater than the incidence otompared with moderately preterm AGA controls, which in
pregnancies with appropriate fetal growthi2(). In addition, turn is associated with poorer socio-cognitive performance
antenatal care focuses heavily on fetal growth monitoring i (130. IUGR infants born moderately preterm and assessed at
order to identify pregnancies with poor growth that may term equivalent age also demonstrated reduced cerebradxcort
benet from a timely, planned preterm delivery to improve gray matter volume and lower scores in attention-interawcti
outcomes. However, the contribution of antenatal compraenis availability, compared to appropriately grown preterm infants
vs. the postnatal complication of being born preterm, or(131). Again, these observations support the importancenof
potential interactions between the two, in contributing tbet uterobrain maturation.
neurodevelopmental sequelae of IUGR is still unclear. This is Interestingly, the rates of several prematurity-assodiate
important for the clinical decision on when to deliver, when neonatal diseases in IUGR vs. AGA infants also vary with the
IUGR is diagnosed antenatally. gestational age at birth. In preterm infants born at or before

In a large cohort study comparing more than 1,400 pretern28 weeks PCA, the rates of IVH, respiratory distress syndrome
IUGR infants with age-matched AGA controls from 25 to 32and necrotizing enterocolitis are largely una ected by IUGR.
weeks PCA, the incidence of severe intraventricular hehrage  From then on, all adverse outcomes including IVH increase
(IVH) in each gestational age group was similar, but premeliyr in [IUGR compared with AGA premature infants, suggesting a
born IUGR neonates had increased morbidity and mortalityneed for closer surveillance for IUGR in the moderate and late
(127). On the other hand, preterm birth has been suggested tpreterm infants (18 132. Such ndings are of concern since late
override the e ects of IUGRoer seon neurological outcomes preterm births account for the vast majority of preterm births
(122 123, with the impact most marked for births at the Studies on infants born at later preterm to term gestatiorgdsa
earlier gestational ages. In early-onset IUGR, the gesgltio suggest that impaired fetal growth increases the risk for low
age at delivery shows a consistent independent relationshiptellectual performancel(, 133 134). Comparing monozygotic
with parameters of motor development with a maximum twin pairs born after 32 weeks PCA, the growth-restrictedtisi
impact for infants delivered before 28 weeks PC&4-126, atincreased risk for low cognitive performance at school@ge
independent of the severity of attrition of growth and the degy  in adulthood compared to the appropriately grown twih3s.
of cardiovascular and biophysical deterioration. In the GRITIn addition, a further study in twins has quanti ed the e ects
study which randomly allocated women to early or delayedf low birth weight, showing that a 5009 increase in (term)
delivery in the presence of IUGR, and when the obstetriciafirth weight results in a 2% increase in total brain volumeyg
was unsure whether to deliver, 98% of these patientD( matter volume and white matter volume, and a 2-point increase
376) completed a 2 year follow-up, revealing that the rate ah 1Q (136.
cerebral palsy was greater for patients delivered prior to 3kee In summary, the gestational age at delivery has a remarkable
PCA, and prematurity-related complications were importantimpact for [IUGR infants who are born extremely preterm, such
contributors to this risk (27). Notably, the relationship between that the prematurity-related complications “override” theets
gestational age, IUGR and motor de cits suggests the impact af IUGR on neurodevelopmental outcome. For the moderately
IUGR becomes more apparent with delivery at a later gestatiolate preterm infants, the independent impacts of IUGR and
(129. The large prospective EPIPAGE (Etude EPIdémiologiquprematurity on neurodevelopmental outcome becomes more
sur les Petits Ages Gestationnels, epidemiologic study f eaapparent. Altogether, these studies highlight that we needemo
gestation ages) study>6,000 births) examined neurological information on when to deliver IUGR babies, and the criteria on
outcomes in school-age children that were born AGA orwhich to base this decision.
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CLINICAL TRIALS AND in humans and some other omnivores (but not in sheep, an
PRESUMPTIVE THERAPIES herbivore), suggesting that maternal creatine supplemantat
could be used to increase placental creatine transfer and gi®m
We wish to acknowledge the enormous contributions offetal growth in a hypoxic uterine environment. Supporting data
researchers and clinicians in bringing therapies to clintoals  include a number of pre-clinical studie$4S-151). Whilst there
and generating the preclinical data to support these transitjo has been extensive animal research suggesting creatitergipb
although the purpose of this article is not to review all ofto protect the fetus against periods of oxygen deprivation in
these. We will highlight some trials and their outcomes asseveral animal models, and there is a strong rationale foringpv
while we have no conclusively e ective therapies as yet, weward clinical trials for maternal creatine supplementatitm
can learn a great deal about improving patient strati cationreduce or prevent IUGR, no intervention studies have yet been
and the e cacy in drugs with shared mechanisms of actionsundertaken in pregnant women. IUGR is also proposed to be
For example, a recent double-blind randomized study usin@ disorder of insulin-like growth factor-1 (IGF-1) deprivan
dydrogesterone, a synthetic progestogen, has reportedasete (discussed below). Of particular note is an extensive preelini
birth weight, and decreased MCA resistance index in idiojmath study of prenatal IGF-1 treatment in a sheep model of
IUGR (137, supporting the therapeutic use of progesterondUGR (41 controls, 66 IUGRC saline, 28 IUGRC IGF-
replacement suggested in preclinical studies in guinea pi®3.( 1, powered for sex-speci ¢ analysis and long term follow-up)
Speci cally, in this human trial weight increased by50% which show that prenatal IGF-1 treatment improves prenatal
in the treatment arm, vs. 23% in the control arm. Althoughand postnatal indices of growth and biochemical dysfunciion
these e ects are promising, this was a single center, smadlUGR (152 153.
study (89 participants), recruiting early and late IUGR (range
28-35 weeks of gestation) with no postnatal follow-up, thus
further work remains to be done. The action of dydrogest&ron OVERCOMING THE HURDLES

includes e ects that altogether increase myometrial pedosi TO PROGRESS
and immunomodulation by increasing progesterone-induce A
blocking factor (PIBF) leveld89. PIBF is secreted by peripheraldEarIy Markers for IUGR Screening: A
lymphocytes from healthy pregnant women, and it has importaniChallenge Faced by Researchers
immunomodulatory functions that appear to protect fetusesand Clinicians
from resorption and therefore plays a role in the maintenancé ess than 30% of infants with a birth weightlOth percentile
of pregnancy, most likely by inhibiting NK lymphocytes andare detected during pregnancy 54 159. Infants born after
producing a dominant TH cytokine responsel@(; hence, undiagnosed IUGR have 2-9 times higher risk of perinatal
many poor pregnancy outcomes including miscarriage andleath and severe neurological complications to those disggho
preterm birth are linked to low PIBF levels. Manipulation andprenatally (56-158.
control of PIGF levels in pregnancy is therefore a priority The current, commonly used antenatal assessment of IUGR
for researchers. is examination of the symphysiofundal height, and this has a
The STRIDER-UK study (multicentre, randomized, double-sensitivity of just 17% and a positive predictive value of 20%
blind, 156 participants) tested the use of sildenal in women(159. Once ared ag has been raised, even selective ultrasound
with severe early-onset [IUGR and found that treatment did notand universal ultrasound perform poorly with a sensitively of
prolong pregnancy or cause any adverse e ects, but did nd®0 and 57%, respectivel§60. This perhaps re ects the larger
improve pregnancy outcomed41). However, this study is part caliber vessels and reduced downstream resistance of the late
of a more extensive international study, and in isolatidrdaes  preterm placenta that means that the umbilical artery Doppler
not have the power to adequately assess outcomes in this vegrgrameters are rarely abnormal; indeed, most adverse eirents
high-risk cohort (45% of recruited infants in this study dje late pregnancy occur in fetuses with normal Doppler readings
(149. Ameta-analysis (nine studies, total of 576 treated p&tjen (161). However, as mentioned above, FGR babies assessed at
has shown that arginine supplementation increases gestdtionterm age will often demonstrate abnormal middle cerebradirt
length and birth weight in IUGR pregnancies, except for infant{MCA) blood ow represented by a reduced MCA pulsatility
born preterm & 32 weeks PCA) with severe IUGR4Q; there index (PI) due to “brain sparing.” A more sensitive and speci ¢
were no reported side e ects. The proposed mechanisms @heasure of fetal well-being may be the cerebral-placentaitil
action of arginine include the increased production of plaeén which is calculated as the MCA PI divided by umbilical artBty
insulin that acts as a fetal trophic factor. This parameter has improved the sensitivity for detecting ésbi
Creatine may also be a potential treatment for IUGR!4  atrisk of adverse perinatal outcome including perinatal ratity,
149, with recent studies showing a positive correlation offbirt admission to NICU, low 5-min Apgar score and cesarean foil feta
weight to placental creatine load46, and the discovery that distress 26,162 163.
the human placenta expresses the enzymes to synthesize andGiven the importance of placental insu ciency for the origin
transport creatine 147). Creatine is an energy substrate whichof IUGR, blood-based markers in the mother that relate to
protects ATP turnover during periods of oxidative stredg§  early-onset placental insu ciency are logical starting paint
and as such may be a potential prophylactic treatment fofor identifying biomarkers that detect IUGR. Biomarkers are
IUGR outcomes 144 145. Creatine readily crosses the placentamolecules, genes, or a particular combination of these by
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which a pathological or physiological process is identied. Circulatory biomarkers based on the detection of microRNAs
Recent reports of biomarkers in maternal blood related tdmiRs), mitochondrial DNA (mDNA), cell-free RNA (cfRNA),
early-onset placental insu ciency include pregnancy-asatexl and exosomes could also have diagnostic value, but remain to
plasma protein-A (PAPP-A), alpha-fetoprotein (AFP), inhibin be fully validated. Two recent studies demonstrate how these
A, placental growth factor (PIGF), uric acid, and free beta- onew analytic approaches provide early diagnostic biomarkers
total human chorionic gonadotropin1(02 164). For example, for preterm birth and preeclampsia. Firstly§9, demonstrated
a 2 to 3-fold increase in late-onset IUGR is noted in womerthat a panel of seven cfRNAs present in the maternal blood
who were found to have elevated rst trimester PAPP-A andhad utility in predicting preterm birth with an AUC (area
elevated second trimester AFP6H. Combining maternal risk under the curve) of 0.81. Similarly, Jelli e-Pawlowski et al.
factors, biochemical markers such as ADAM12 (A Disintegrin(170 used a 25-target screen of serum proteins that, together
and Metalloprotease-12) and placental protein-13, plus abnbrmavith maternal risk factors, predicted preterm birth with an
uterine artery waveforms for the prediction of late-onset IRG AUC of 0.806. Both studies might be said to be limited by
(with a false positive rate of 5%), provides a sensitivity of €% low patient numbers and a lack of ethnic diversity in the
IUGR at< 37 weeks but unfortunately only 32% for IUGR&B7  patient groups, but this multi-marker approach seems to inceeas
weeks (66). sensitivity and speci city compared to previous mono-marker
The use of these putative biomarkers (and the development @fpproaches, and improvements (decrease) in the time needed to
new biomarkers) is constrained by the absence of robustibase perform such analyses means that e ective bedside screening is
data on their expression and function. We could overcomeehesbecoming a reality.
problems with population pro ling and further basic research A further elaboration on the multi-marker approach is the
into the mechanisms underlying typical placental developmenapplication of personalized risk-based screening methods tha
and function. Biomarkers for identi cation and stratic&n combines maternal factors and biomarkers, as in the conbine
could improve outcomes even with current clinical practicesuse of uterine artery Doppler, maternal risk factors, and serum
and are likely to have two additional bene ts: rstly, prenhta biomarkers. This approach, taken as part of a study nested
treatment options [e.g., intra-amniotic IGF-1:%3] are showing in clinical trial for pre-term preeclampsia (ASPRE, Aspirin for
great promise, and biomarkers would identify those needindevidence-Based Preeclampsia Preventiami)), showed clearly
therapy; and secondly, by avoiding treatment of healthy émbi that prospective screening for preterm preeclampsia by means
and the risk of complications arising from newly developedof the FMF (Fetal Medicine Foundation) algorithm, which
prenatal therapies. combines maternal factors and biomarkers at 11-13 weeks'
In utero assessment of brain structure and metabolism igestation, was better at predicting disease risk than current
now possible, and these techniques have been applied to cohadbismetric criteria.
of IUGR infants (L67). These studies aim to understand the
underlying pathology, but also to determine biomarkers as e ‘e .
indicators of pathology and outcome. For example, in 19 IUG HOII_S“C vs. Mechanistic View of
and 25 non-complicated pregnancies, T2-weighted MRI allowelyl0deling [IUGR—How to Improve the
for the assessment of neuropathology and magnetic resonandalidity of Our Models
spectroscopy allowed for analysis of indices of cell membrarén important question when modeling any disease or disorder is
and myelin formation (choline), glycolytic enzyme actyvias whether it is necessary for the phenotype (in this case a réezhuct
an indicator of cerebral hypoxia (lactate), and for cerebrain body and brain weight) to be the same as observed clinidally
mitochondrial function (NAA) (167. Of the 15 infants with we don't know that the mechanism of injury has been faithfull
complete data sets in the IUGR arm, three dieduterg, and reproduced. Also, how much importance should we place on
only two had an uncomplicated neonatal course. However, MRthe phenotype (body and brain weight) being matched if we
was not sensitive enough to detect injury in any of the 1%have to apply an injury/perturbation (in type or magnitude)
IUGR infantsbefore deliverymedian scan age of 22 6 weeks that is not clinically relevant? In the case of IUGR there has
PCA). Interestingly, fetal brain lactate levels were a@tx/an  been a proliferation of animal models that produce fetal growth
three control infants with normal progress of growth, birthch  restriction, but often by means that have limited clinicahligy;
outcomes. Increased brain lactate has previously been amesid e.g., abrupt and late onset reductions of uterine or umblilica
a hallmark of hypoxic changes, but lactate may also play lBlood ows. These procedures do produce hypoxia-induced cell
role as an energy source in the developing braitg. The death, and various complex in ammatory processes that help
authors suggest that the altered magnetic resonance speopp us to understand and look for e ects in IUGR infants, but they
parameters represent changes in mitochondrial metaboltasta are of limited use in understanding how IUGR and placental
and these warrants further study in a preclinical model as aysfunction actually arise in human pregnancy. Perhaps, with
novel therapeutic approach. This study is a valuable examptair increasingly detailed knowledge of how and when placental
of how these still tricky and expensive prenatal screeningysfunction in [IUGR occurs§8 172 173, we could aim to
techniques could be applied to larger cohorts, but whethemodel these speci ¢ changes, and this would be valuable in the
this eort can provide invaluable data on the mechanismcollective move toward developing therapies that can be applied
of damage and criteria for risk strati cation will require early in pregnancy. We will below describe some of the common
further research. approaches to modeling IUGR and some suggestions for how
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these could be altered to add to our collective data on how tess attention as determinants of IUGR because, except for non
prevent IUGR, and treat or repair the damage caused by IUGR.human primates, these key features of pregnancy are not present

Surgical interventions that reduce perfusion of the madternia the commonly used laboratory animals. However, comparative
or fetal side of the placent@ihe seminal study demonstrating studies of more unusual species, like the Spiny MoAsegmys
that poor placental growth itself causes attrition of fetabygth ~ caihrinug reveal that unlike in the conventional rodent that
is that of Wigglesworth 74). Since that time there has beenthere is a large vascular contribution to the fetal membgane
a proliferation of models of IUGR, predominantly focused onoriginating from the umbilical vessels close to the fetafate
fetal/neonatal weight and based on the conceptual paradigiin thof the placenta (unpublished observations). As such, stugyin
itis utero-placental perfusion that determines placentalion,  basic process of placentation in small species such as these may
which in turn determines fetal growth and the vulnerabilby  be a useful start to developing models of early-onset placental
the fetal brain to damage. These models of IUGR include (butlysfunction that mimics what is seen clinically7( 152 180.
are not limited to): acute onset hypoxia/ischemia (uterinegy ~ Non-traditional species such as the spiny mouse, gerbil, and
ligation), progressive onset hypoxia/ischemia (uterineert guinea pig studied from the time of conception o er advantages
restriction); and placental damage/reduction (inert mispbiere  such as a relatively long gestation (from 39 t67 days), and the
injection, partial placentotomy). However, these approachekirth of o spring where development of the major organ systems
o ers little consideration to the idea that the fetus(es), tbe is largely complete at the time of birth. For the spiny mouse in
feto-placental compartment might themselves be the source @farticular, an additional advantage is that the fetal adfgtend
physiological changes that cause the typical uterine hypeeaenproduces dehydroepiandosterone and cortisbtB¥183, with
and the appropriate increase of utero-placental perfusion witlevidence of the presence of a feto-placental unit as in humans,
increasing gestation. Evidence of this type (and almosofbeg)  and not present in other rodent-like animals, or sheep.
was acquired nearly 50 years ago by Christopher Bell in guinea A clear example of how a candidate mechanism has been
pigs who showed that progesterone produced by the placentaectively applied to model IUGR is the knockout of IGF2
causes a loss of constrictor adrenergic nerves in uterinedbl production in the mouse placenta. Levels of the IGF proteins
vessels, and simultaneously induces synthesis of a vaswdil are often reduced and IGF1 binding proteins increased in the
mechanism not present in the non-pregnant uterine vascukaturplacentas of IUGR human pregnancies3{), although this is
(175 176. Hence, there is a good reason to think that a causeot consistently found185. The regulation of IGF signaling is
of IUGR is thefailure of the placenta to adequately modify the a complex balance between the IGFs and their binding partners
uterine circulation to support time-dependent fetal growths A that regulate bioavailability during pregnancy, includindUGR
such, more work needs to be done on the di erences in fetofreviewed in Martin-Estal et al.189]. Mice born from dams
placental signaling as a driver for poor utero-placental vascul with a placenta-speci c IGF2 gene knock out (KO) have clearly
development across gestation. reduced body weight, brain injury, and lasting cognitivedan

In all experimental studies to date, the attention is almosimetabolic phenotypes with postnatal development. The mating
always directed to the fetal e ects, with few observationslena of the IGF2 placenta-speci c KO mice with the endothelial NOS
of maternal or placental physiology, especially the clinicaleNOS) KO mice provides an interesting example of the cross-
conditions usually associated with IUGR, such as uterinergrt talk between (putative) pathological mechanisms. As expected
and myometrial remodeling, immune regulation of trophotilas the phenotype of these two KOs was additive (more severe
implantation, placental metabolismer se and the causes of IUGR), but the diminished placental nutrient transport typigall
placenta infarction and abruption, etc. A chief mechanism byobserved in the eNOS KO mice was not seen in the IGF2-eNOS
which we should validate animal models of IUGR should be talouble crossed micel87). The basis of the application of the
measure uterine blood ow, as is done clinically. Admitigdl eNOS KO mice to IUGR research is that the absence of eNOS
historically this was not easy to do in rodents, although itreduces the capacity of the maternal vascular to accommodate
is increasingly possible due to advancements such as ultrafédhe changes in blood ow necessary for adequate placentation
doppler. We now have the ability to measure these clinicaliesli and that the dams are hypertensive (including with protei@iri
and to associate them with fetal outcomes as we attempt teibettas observed in women with pre-eclampsia, a risk factor for
understand this relationship. IUGR. Thus, it was concluded that a “multiplicity of dysfunatio

Poor placental structure and function—from the beginningirobably underlies IUGR in women, so the multiple facets of
Placental insuciency is a process that evidence suggestascular dysfunction in this mouse line would be useful to a&sses
is present from the earliest stages of trophoblast invasiomlacental hypoxia with free radical formation, reduced plaaéen
supported by the observation of abnormal levels of in ammgtor nutrient transport capacity, and reduced fetal growit39.
and placental factors from the 1st trimester with poor pregnanc  Assessment of the epigenetic landscape of the eNOS and
outcomes [{7) and reviewed in Kane et al1{7]. From the IGF2 genes from IUGR placental tissues shows that epigenetic
time of trophoblast invasion into the endometrium, the uteru modi cations are present and might be drivers of gene
undergoes phenomenal modi cationl{g 179, increasing in dysregulation{89. However IGF2 gene expression changes and
weight and internal volume by 16- and 500-fold, respectively, methylation changes of IGF2 are not consistently reported in
together with major re-modeling of the uterine vasculates clinical studies, One of the negative clinical studies fooaither
discussed above) to create a low resistance, non-reaebeeilar gene or methylation changes the cohort was older mothers (39
bed. It is perhaps not surprising that these features havewedei 40 years of age), although changes in placental methylation
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are only detectable with the techniques used when subsiantibe successful and validi$8. Although they were addressing the
di erences are presentl(/3. Alternatively, this negative study is need for improved medical services, we think this comment also
evidence that methylation and gene expression changes i@ IGBoints to the need for improvements in preclinical modeling to be
are not present in the rst trimester but evolve over time, and“population speci €.This speci city must take into account not
so this important study that warrants repeating with largedan just high vs. low income, but etiologies and conditions sjpdoi
more diverse cohorts. local care centers, and this is where in-depth epidemiologylae
Immunological dysfunctiofhere is clear evidence that the to take a more prominent role in guiding preclinical research.
immune system in women with an IUGR pregnancy diers
compared to those without IUGRLEQ. This study found that . .
peripheral monocytes in women with an IUGR pregnancy had A—Iuman Neuropathological S_tUdles and_
more classically anti-in ammatory pro le than monocytesoin ~ HHOW They Need to Play a Bigger Role in

women with an uncompromised pregnancy. In addition, whenthe Study of IUGR
peripheral blood mononuclear cells from women with [IUGR andThe emergence of modern medicine was rmly based on
normal pregnancies were stimulated with trophoblast antigemathology and post-mortem examinations, and while never being
(191, a greater pro-in ammatory reaction occurred in women able to identify mechanisms of disease or injygr se have
with an IUGR pregnancy. When these dysfunctional processd®en invaluable as the basis for setting diagnostic criteribthe
rst arise in pregnancy, and their impact on early placentation,e ectiveness of treatments and interventions. The expeamtati
would be interesting to pursue further, albeit requiringdar of many that modern imaging, genetics, and -omics would
cohorts of prospectively recruited, not-yet-pregnant women— make pathology obsolete has been a signi cant error of twenty
di cult task, but one with important public health outcomes. rst-century science, and in neonatology it was high-qtiali
This information would then be possible to overlay into moreneuropathology studies by groups in Portland (OR, USA), Paris
speci cally focussed animal models. (France), and Boston (MA, USA)03-201) that were persuasive
As pointed out by Sir Peter Medawar many years agdn changing our understanding of the genesis of perinatalrbra
(199 it is clear that immune modulation is a fundamental injury over the past 20 years. Speci cally, these foundationa
response to conception that allows implantation and persigencstudies provide the basis for interpreting MRI studies, and
of the fetus as a foreign allograft, and a response likely to Her designing improved animal models to test neuroprotective
shared by humans and laboratory animals. It is a process thatrategies. This is important because most IUGR babies sjrviv
involves a phenotypic transformation of decidual macrophageand the injuries present in very severe IUGR fetuses may not be
and natural killer cells that occurs in parallel with remaddgl representative of the major population of IUGR infants.
of the vasculature adjacent to the implantation site. As such It is indeed worth highlighting a number of human studies;
it is possible that these shared features could be used te drithis is not exhaustive but is intended to allow us to remark on
spontaneous cases of [IUGR in non-human pregnancies. Indeedhat we have learnt, and what we need to add to the eld. Stidie
some cross-breeding of mice of mixed genetic background hdsom Samuelsen et al2(02 show a reduction in the numbers of
been found to produce IUGR of varying degrees, togethecells in the brains of IUGR infants; these infants displayedrbrai
with, as for most clinical situations, other complicationssparing (relative increase in brain weight to body weight} bu
of implantation, uterine re-modeling, and pathophysiologystill had signi cantly lower brain weights. In this study, mivol
suggesting preeclampsia in the dai®§ 194). These “immune” fetuses acquired an average of 173 million cells per day frain mi
models have been shown to have similarities pathologicalgdg gestation to term, and the IUGR fetuses acquired only 86 millio
as occurs in the human IUGR placenta in the trophoblashew cells per day. Samuelsen et al's exhaustive cell counting
remodeling protein Formyl peptide receptor-2 [FPR9H],and  assessment [reviewed in, Lars@0d] supports the ndings of
a dysfunction of decidual arteriolar remodeling99 such as two studies from over 30 years ago which used a lower total
that associated with pre-eclampsia and IUGRY). Thus, we DNA content to infer a reduction in cell numberss(, 204).
may have experimental models at hand which will aid in theSamuelsen's conjectures that his data supports the hypothasis
understanding of the origin of IUGR together with the other the reduction in head circumference in IUGR is due to reduced
obstetric problems that usually accompany it. A strength oproliferation rather than cell death is provocative, but neexdlise
this approach is that each of the parents and the o spring areon rmed by objective assessment of cell death and prolifenat
immunologically competent, and it is only the combination of  Another set of studies includes a concerted eort by
the fetal and maternal tissues that is abnormal. This modkl w researchers based primarily at the Mater Hospitals in Brisbane,
require further assessment of fetal brain phenotypes to suppoAustralia, that included 37 asymmetric IUGR cases (wesgdrid
the similarities in placental immune dysfunction to the huma centile) identi ed from a series of 225 stillbirth2@5. This
but it promises to be valuable to assess therapies to minirhize t rst study, over 20 years old now, critically demonstratec th
neonatal morbidities that IUGR produces. importance of cell death, and to a lesser extent astrogliasis, i
Finally, we would like to highlight the comments made bythe IUGR brain. It is worth noting that although the analysis
Saleem et al. from Karachi, Pakistan that “Concerted e ortsvas limited to hematoxylin and eosin assessment of cell death,
should be made to gather indigenous data about the risk factb and in some cases glial brillary acidic protein for astramsis,
IUGR that are more pertinent to our population. Evidence-basedhat even with the expertise of a neuropathologist no injury
recommendations deduced from such data sets are more likely was found in 5 of the 37 brains. Of these 5 “uninjured” IUGR
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brains, four were from infants below 26 weeks PCA—does thishanges has implications for improving brain health even
suggest an important window for treatment speci city? Swidgi  in adults.
limitations of this study are that there was no breakdowntud t
speci ¢ gestational ages of the infants, no body or brain Wweig Cotside Cerebral Haemodynamic Measurements:
data, and no case-by-case description of the ndings, makin§erebral Blood Flow and Oxygenation
it very dicult to draw further conclusions. These authors Studies in IUGR infants have made the following
overcame many of these limitations in a more recent publazati important observations:
(209 using bl_ralr_ls from the rst cohorts and sourced fr_om & increased CBF on the rst day of lif€(0;
further 305 stillbirths where they assessed cell death thitke ’ . . .
. reduced cerebrovascular resistance and persistent dilatattio
separate markers. This more recent study clearly showed that . ;
. ) ; ; ) the cerebral arterie2(.1, 212);

third trimester stillborn fetuses with both IUGR (weigkt3rd . . .

. . - . higher regional cerebral oxygen saturation and reduced
centile) and placental infarction<(5% of total placental villus . 25

- ) . - . cerebral oxygen extraction within the rst 241213 and up
surface) had neuronal apoptotic changes in regions incluttieg .
T to 3 days of ageX(14); and,
pons and the frontal and temporal cortex. These studies iramlv ) . I
. : cerebral haemodynamic parameters normalize within a few
the use of controls that were stillborn but had neither IUGR .
. . - . L days of birth 10 211, 213.
nor placental infarction. Staining for micro- or macrogliesbr
proliferation was not included, unfortunately. To date there is little postnatal research investigating the
relationship between cerebral hemodynamics after birtld an

. o neurological injury in IUGR infants; this is an area of
The Value of Continuous Neuro Monitoring need as there is evidence to indicate that the altered

to Understand Risk for the IUGR |nfant . ~ cerebral hemodynamics that exist in the IUGR fetus persist
Much has already been reported on the neuroimaging ndinggyostnatally. Notably, cerebral oxygenation has been shawn t
of IUGR infants and their relationships to neurodevelopmentabredict neurodevelopmental outcome in preterm infanfs .
delay. However, neuroimaging such as MRI can only be done @foreover, uctuations of cerebral oxygenation and oxygen
speci ¢ time-points and is not applicable as continuous neuroextraction have also been related to the occurrence oférarial
monitoring to reveal temporal changes with impact on C"”ica|hemorrhage in preterm infants2(§ 217. Finally, if CBF

conditions and to guide management. remains elevated when the neonate is no longer exposed to a

hypoxic environment, the increased CBF could cause hyperoxia
Cerebral Haemodynamic Measurements in the within the fragile brain and contribute to further neurolagl
IUGR Fetus damage?19.

With advancing fetal hypoxia and compromise, the cerebral
haemodynamic response involves two components— rstly afcotside Cerebral Haemodynamic Measurements:
initial stage of increased cerebral blood ow aimed at prtiter ~ Cerebral Autoregulation
the brain (brain sparing), followed by a second decompengatorAutoregulation is the ability of the cerebral vasculatue t
stage that is associated with brain injury, and probably dwe tmaintain reasonably constant CBF despite uctuations in
the increased cerebral blood volume0(). At the early stages cerebral perfusion pressure which are mainly a ected by change
(i.e., brain sparing) blood ow (CBF) of the frontal lobes isin systemic blood pressure, and it is likely that autoregolati
increased, perhaps with the e ect of protecting higher cogaitiv is impaired in sick preterm neonates and this contributes to
functions, but under chronic and more severe circumstartbiss  the cerebral ischaemic and haemorrhagic injuzy 9. As IUGR
change is lost and CBF is diverted to deeper (more essentiaféluses are often delivered preterm, and due to the vascular
structures such as the basal ganglia and the brainst&gh ( structural and functional changes set in place by the “brain
Also, in the IUGR fetus there appears to be a loss of cerebraparing” response to IUGR, these infants are theoretically at
vasoreactivity; using prenatal Doppler sonography, a subsésk of impaired autoregulation, resulting in cerebral hypo-
of IUGR fetuses did not show the expected rise in cerebrair hyperperfusion when systemic blood pressure uctuates. In
resistance in response to maternal hyperoxygenation, stiggies case of prolonged brain sparing due to chronic hypoxaemia,
of impaired cerebrovascular regulation. Indeed, these “nonmaximal cerebral vessel dilatation may have already been
responders” had a higher risk of being delivered for fetardss, reached and may persist after birth, which would further limit
indicating that they were more compromisezi(g. protective autoregulatory responses. In addition, IUGR neesa

It is interesting that there is an increased incidence oblstr appear to have higher blood pressures compared to their AGA
in adults born with low birth weight. The association betwee peers 80, 220, theoretically contributing to risk of cerebral
low birth weight and adult stroke was most pronounced forhyperperfusion and hemorrhage in the presence of a pressure-
individuals with relatively increased head size, suggestif passive cerebral circulation; indeed, this has been shown in
in utero conditions that induce brain sparingl@). It is very IUGR lambs where, compromised structural integrity of the
plausible that these mechanisms of increased adult strakéwe cerebral microvasculature leading to cerebral hemorrhaae
to vascular remodeling secondary to the shear stress and whken demonstratedg). Despite its clinical signi cance, to date
tension, leading to structural changes in the vascular v#alf)( no study has investigated cerebral autoregulation in human
Thus. understanding IUGR-associated cerebral haemodymamiUGR neonates.
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Cotside Electroencephalographic (EEG) Monitoring primate [see Menezes et a3()]. They can also be found in
Cerebral electrographic activity can serve as an indicafor dhe fetus when administered intranasally to pregnant ratsl).
neuronal integrity, organization, and the dierentiationnd A recent study monitored the “protein corona” of polystyrene
maturation of brain networks in term and preterm newborns nanoparticles, which is the spontaneously adsorbed protein on
(220). In acute brain insult, electroencephalographic (EEG}he nanoparticle surface when the nanoparticles were exposed
activity shows various degrees of depression, and its $gverto maternal plasma. They found that the protein corona formed
parallels the magnitude of the brain lesion. These “acudgest by maternal serum included vesicular transport proteins such
abnormalities gradually improve with time and are replacedas clathrin, tubulin, actin, and Ras. As such, rather than pose
by “chronic-stage” abnormalities such as dysmaturity andany barrier to transmigration, maternal serum proteins iease
disorganization of the EEG patter@?). In the weeks following the transport of the polystyrene nanoparticles across éhe
preterm birth, IUGR infants reportedly have altered EEG andvivo placenta 232. However, in the pregnant rat, inhaled silver
amplitude integrated EEG, which has been correlated with poananoparticles caused increased fetal resorption and inalease
neuromotor developmenta23 224). In contrast, another study expression of placental in ammatory marker&3J). Although
found that the subset of stable preterm IUGR with good clinicathis silver nanoparticle study suggests caution in the apptoati
indices had more mature EEG patterns compared to the AGAf nanoparticles, we can overcome these problems via ounabilit
peers 225, and similarly, preterm IUGR infants had acceleratedto modulate the size, physical composition, charge, and dglive
EEG power spectrum maturation compared to preterm AGAmethod of nanoparticles. Of note, another recent study has
controls at 1 month post-term equivalent ag&2@. However, no  shown success in reducing fetal in ammation and neonataltor
di erences were observed at 6 months' post-term age betweeénjury in a mouse model which mimics exposure to in ammation
preterm IUGR and AGA infants, or in comparison to a term in the preterm infant. Speci cally, polyamidoamine dendriraer
AGA group, suggesting such changes may resolve with timgere used to carry the anti-oxidant n-acetylcysteine inte th
(226. Notably, using visual evoked potentials as an indicatoblood of the dam 233. This dendrimer treatment was associated
of brain myelination in preterm infants born at 33 weeks of with improvements in in ammatory and neuropathology indices
gestation age, shorter visual evoked potential latencygesiiye in the fetal compartments. It is important to note that these
of increased myelination, was found at 6 months post-term agpolyamidoamine dendrimers did not need to pass to the fetus
in IUGR infants who had fetal Doppler parameters showingto be neuroprotective and thus, this maternal-placentalveeli
brain sparing 227). The shorter latency was no longer detectedreduces any potential of o -target, damaging e ects of stray
at 12 months of post-term age and visual functioning was nohanoparticles in the fetus.
a ected when followed up at 11 years of age®. These ndings Work from our lab has taken the approach of targeting one cell
suggested transient accelerated neurophysiological mi@ar type—microglia—rather than being compartment-speci2&{).
in the IUGR infant brain, possibly as an adaptive process tMicroglia are regularly found to mediate injury in neurologic
the severe fetal growth restriction. Overall, it appears tlegee paradigms. The microglia-speci ¢ nanoparticles in our work
temporal EEG characteristics in IUGR infants which may relatare comprised of DNA, further demonstrating the exibility in
to their neurodevelopmental outcome. However, EEG data othe design possibilities of nanoparticles. However, we do not
preterm infants with IUGR are few, as are studies that link EEGet know if these DNA nanoparticles cross the placenta, and
parameters with MRI-derived tractography. Early and prolongedvhat speci ¢ aspect of microglial activation would be the most
continuous recording in larger populations would be requited appropriate to target in IUGR. There is a lack of knowledge of
clarify the prognostic value of EEG in IUGR infants. nanoparticle biodistribution in non-human primates, or other
species with more human-like placental structures, such as the
spiny mouse Z35. More studies using IUGR models developed

INNOVATIONS FOR USE IN in species with a more human-like placental structure would be

IUGR RESEARCH: valuable steps toward uncovering the potential of nanopaicl
to deliver anti-oxidants, vasodilators, or growth factors t

Nanomedicine Approaches speci cally target pathological processes in the placenta.

Engineered nanomaterials o er therapeutic options as diverse Altogether these tools and approaches show that we have
as implantable monitoring devices, drug delivery sca olds] an made the technological advances and have the monitorints ski
wound dressings. An excellent review on nanomaterials fowith which to move forward to design targeted therapies for
perinatal applications was recently publishe®9, but we will  the placenta and the fetus to overcome the damage associated
highlight ways in which these approaches could be employedith [IUGR.

to improve infant neurological outcomes in the context of

IUGR. The greatest need for the IUGR fetus is safe, e ective | )

therapies that can be delivered as early as possible in gestatld/SINg Advanced Imaging and

and without the need for preterm delivery. As such, we shouldistology Techniques

turn our attention to nanomedicine approaches if these carWe have a poor understanding of the direct correspondence
be maternally delivered and directly a ect the function ofeth between medical imaging outputs and tissue microstructure.
placenta. Nanoparticles delivered intravenously can crbss t This lack of knowledge is due to dierences in scale and
placenta, and are found in the fetus, including in the non-ramm  resolution between medical imaging modalities and trawfiéil
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neuropathology techniques that have been further frusttatith ~ Genomic Analysis as a Means to Diagnose,
complexities of image registratio2 9. A lack of knowledge of Stratify Risk and Understand
thbellitacttual blc(j)logtlcaldstuhbstrate pf |mzig|ng ?utﬁuts fruﬂmhur' Disease Mechanisms
abnity to understand the Speci ¢ naturé ot changes oCCunn oo q e screening o ers the promise of early and specic
in the IUGR infant brain, as the most severely a ected infants. . . L . .

. . S diagnosis, risk strati cation and personalized therapeutic
do not survive, as discussed above. Improvements in histzbg - . . . ;

deployment. There are inherent ethical issues with genetic

techn_|ques, speci cally the use of optically clear histology screening that are in no way limited to the eld of IUGR. These
allowing us to overcome some of these hurdleg7, but . gy . .
include incidental ndings of unknown signi cance and the

iously not in living ti : ically clear histol : . . .
\c/)vtr)l\g?eusl'))r/ainc: ;r or:I ! s%gﬁsgfpe?iﬁ:ri;; gr?i?naléStc;r?gygg;ionmore complex issue of the rights of the child, and speci cally
f uman post i ssie, 0 be made optél clear anff® 0% TOL 1 koo vioto o e gl
stained with multiple speci ¢ markers of various cell typesisTh y yorg .
advance allows us to visualize the 3D organization of tissu%.n fetal dgvelopment or childhood health, but which alter adu
microstructure in tissue sections large enough to be stlidie Isease risk. Although ge_nerally_th(_ese problems are ovezcom
beforehand with MRI techniques, and then to co-register th _'th targeted analysis, variants with impact at multiple stagfes

imaging and histological data. This approach has been appli ﬁe?aki,th's plrobl(;am hardert? manage. For a I|yely d|s$3|
to the developing mouse brain to provide data on what types g bioethics related to prenatal genome sequencing we rt

cells or cell compartments contribute to speci ¢ imaging s reader t(_) these referencesig-250. . . i
(239. A nding from this study worth noting is a posiive _DeSPite these concerns, non-invasive prenatal screening
correlation between mean MRI di usivity and cell density, wihic (NIPS) for fetal aneuploidies using cell-free DNA has been
is unexpected based on the current assumption that cells pt;eovid""deﬂy adopted in c.||.n|ca| practlce. due to its improved accyrac
an impediment to the di usion of water molecules in tissue ©0MPared to traditional screening approachez5). NIPS
(239. This and other ndings suggest that a great deal of work2PProaches can include whole genome sequencing techniques
in human post-mortem tissues is required to ensure that outVith high sensitivity and speci city even with very low sample
assumptions of the microstructural correlates of human iingg MPUt (259. The bene ts of whole-genome sequencing include
in the literature are robusta39 240). the identi cgtlon of m|cr9-deletlon_s that would be missed
The current gold standard for functional brain imaging is PY karyotyping. These micro-deletions are relevant to human
blood—oxygen dependent (BOLD) signals measured using MFgrpwth and have identi ed some genetic causes of I.UGR.X. It.
(247), but this technique is costly and practically di cult to use Mightnotbe necessary to sequence the genome to identifgstise
in infants. An easier to implement optical imaging alternativ 'Sk but to examine single nucleotide polymorphisms (SNPs).
is functional near-infrared spectroscopy (fNIRS), which alsooNP analysis is increasingly accessible with sequenciny, an
measures the level of blood oxygenation and can be applied g¥ole-genome SNP arrays can be processed within 3 day (
neonates or young children through the skull but with spatiaIThiS short time frame means that the data can a ect prenatal
resolution measured in mn2@2). The next level of technological diagnostic decisions, and in the future, may guide treatmen
development is functional ultrasound (fUS) neuroimagingttha decisions. An approach to risk strati cation has been tested
provides high sensitivity imaging, with a resolution o£00mm,  in the related eld of preterm birth, identifying an unbiased
and can identify cerebral blood volume changes in the whol@ssociation of SNPs with white matter imaging phenotype. This
brain without contrast agents. The fUS image is based on th@Pproach has successfully identi ed several SNPs that associa
phenomenon of neurovascular coupling, about which little iswith a clinical white matter phenotype in preterm infants—
known in the developing brain [se€243 244 for recent animal namely, speci ¢ SNPs within the genes f6ADS2(Fatty Acid
studies] and the ability to measure cerebral blood volunenges Desaturase 2)265, PPARG(Peroxisome proliferator-activated
with high sensitivity, which is an attribute of fU$45. Non-  receptor gamma)56, and DLG4 (discs large homolog 4, the
invasive fUS imaging of brain activity in humans is possibledene Post-Synaptic Protein-95 }(). Although these SNPs
through the fontanel of human neonates at the bedside. Ifprovide a biomarker for infant outcome, they are also under
combination with surface EEG recordings in preterm babig§ f further investigation to understand the mechanistic linkttveen
allowed for the estimation of cerebral blood volume vadas these genes variants and brain development.
to measure the spatiotemporal dynamics of epileptic seizures Whatis lacking in the eld of IUGR to date is the application
(246. The sensitivity of fUS, such as measuring small diamete¥f these genomics approaches in massive populations to identify
blood ow even in rodents with millisecond temporal resoloi, ~ Variants denoting risk of obstetric and (neuro)developnagnt
should allow it to become a useful and valuable tool to un@erd  outcomes. In the elds of Alzheimer's disease and cancer,st ha
the e ects of IUGR on the brain in clinical and in preclinical taken the study of many thousands of patients (and their tusjor
settings. We have applied fUS to study the brains of rats in & identify risk phenotypes that are now used to drive drug
paradigm of protein restriction-induced IUGR and found that discovery e orts and to identify targets for personalized giru
it identi ed connectivity de cits (59, and was able to validate therapy, and these approaches have been e ective in public health
improvements in connectivity associated with neuroproteati (259. Altogether, dramatic improvements in technology open

For further comprehensive information on the applications ofavenues for understanding three important aspects of [IUGR—
fUS, please see the recent review by De eux etai.]. diagnosis, risk strati cation, and mechanisms of diseadee T
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logistical and monetary support to bring together a vast numbemultiple sclerosis and Alzheimer's disease apply to the IUGR

of patients across multiple centers, and the bioinformatiesaded

infant. The role of neuroin ammation can be studied by bring

to understand these processes, are now within reach if we apgygether multiple models capturing many facets of IUGR-related

the lessons from genetics studies of adult diseases.

CONCLUSION

neurodevelopmental injury, and more post-mortem studies.
We are also limited in our ability to target drugs to either
the placenta or the fetus, but these issues will be overcome
by advances in materials bioengineering, and proof-of-eptc

IUGR remains a complex health care issue across the glob#ugs and tools entering the elds of adult medicine. Given
Concerted research and clinical e ort have raised the pro lethe vast numbers of infants born IUGR due to preventable
Of thlS comp'ex problem and improved our knowledge Of thecauses SUCh as ma|nutr|tl0l’1, malana, HIV |nfeCt|0n, an@rev

neurodevelopmental sequelae of IUGR. What we cannot stychosociaI stress such as domestic abuse, we already have a

oerinthe eld of IUGR is an animal model that recapitulates Mandate to reduce its impact across the world. Initiativeshsu
the underlying pathophysiology of IUGR, primarily becauseaS the Millennium Development Goals are making signi cant
we do not yet know the etiology (probably, more than onelmprovements in these areas but require our further support.
etiology) underlying the various sub-groups of IUGR. Valuable

post-mortem studies, imaging studies using newly optimizecAUTHOR CONTRIBUTIONS

in utero fetal and placental imaging, and pooling our research ) ) )
data across models to nd common e|ement3, will be key t&\” authors listed have made asubstantlal, direct and iatébal

overcoming this hurdle. Optimized fetal and placental imagin

contribution to the work, and approved it for publication.

will also be important future methods of early diagnosis and
risk strati cation. These will enable us to treat the IUGRFUNDING

infant in utero with the goal of preventing brain injury rather

than attempting postnatal repair or regeneration. We do notThe funders played no role in the decision to publish or the

yet understand the role of neuroin ammation in the human

content of the publication. (Cerebral Palsy Alliance; Na#bn

IUGR infant, and as such cannot determine if the multitude ofHealth and Medical Council of Australia; Australian Research
immunomodulatory drugs being fast-tracked in elds such asCouncil; ANR—French Research Agency).
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