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Fetal oxygen delivery and uptake are essential for intrauterine growth
and survival. The placenta is the centre of physiological exchange of
oxygen, nutrients and metabolic waste between mother and fetus. Many
hypoxic fetal growth-restricted (FGR) fetuses are the result of what
is simplified as intrauterine ‘asphyxia’. Understanding the factors that
determine placental function, especially its ability to facilitate respiratory
gas exchange, is essential. These elements are key to unravelling the
pathophysiological processes involved in pregnancy complications. The
possibility of measuring umbilical uptake in human pregnancies has been
developed in recent years by the potential to calculate umbilical blood flow
through ultrasound measurements and then use the values of oxygenation
from the umbilical artery and vein obtained at cesarean section. In normal
fetuses, oxygen delivery on a per kg basis is remarkably similar to that
of other animal species. The human FGR fetus shows a strikingly reduced
umbilical delivery and uptake of oxygen. Umbilical glucose uptake is also
significantly reduced but glucose/oxygen quotient is significantly increased
in FGR pregnancy. The human fetus in FGR pregnancy triggers adaptive
mechanisms to reduce its metabolic rate, matching the proportion of
substrate consumption relative to oxygen delivery as a survival strategy
during complicated pregnancy.

This article is part of the discussion meeting issue ‘Pregnancy at high
altitude: the challenge of hypoxia’.

1. Introduction
Fetal oxygen delivery and uptake are essential for intrauterine growth
and survival. Fetal growth itself, associated with utilization of oxygen and
nutrients, drives transplacental transfer by increasing their gradient. The
placenta is the centre of physiologic exchange of oxygen, nutrients and
metabolic waste between mother and fetus. Many stillbirths and hypoxic
fetal growth-restricted (FGR) fetuses are the result of what is simplified
as intrauterine ‘asphyxia’. The factors governing the adequacy of placental
function, particularly respiratory gas exchange, assume great importance
to understand pathophysiologic mechanisms of pregnancy pathologies. As
intrauterine growth restriction is an important cause of perinatal mortal-
ity and morbidity [1], growing attention is being directed towards unravel-
ling the mechanisms underlying intrauterine hypoxia and the physiological
adaptations of the FGR fetus in response to adverse pregnancy conditions.

Intrauterine growth is strictly dependent upon the delivery of oxygen and
nutrients through the placenta [2]. Increased vascular resistance has been
well-documented in complicated pregnancies, leading to FGR [3]. This results
in reduced placental blood flow, limiting oxygen and nutrient delivery to the
fetus and consequently slowing its growth trajectory. The factors that regulate
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placental function, particularly those involved in respiratory gas exchange, are critically important.
It is established that adults born with FGR have increased risk of cardiovascular diseases [4] that probably results from

intrauterine metabolic adaptations [5]. These adaptations are essential to survive within the adverse intrauterine environment
but increase the risk of diseases in later life [6]. Understanding the nature of fetal metabolic adaptations in FGR pregnancies is
essential for effective clinical monitoring and optimal timing of delivery.

2. Fetal oxygen delivery and uptake
Fetal conversion of energy into mass can most easily be determined by measurement of the rate of fetal oxygen uptake [7]. Since
there is no long-term storage of oxygen, its uptake and use are almost identical over short time frames and thus oxygen uptake
serves as an indicator of metabolic rate.

The application of the Fick principle allows the calculation of uptakes through the umbilical circulation, by multiplying the
umbilical blood flow times the veno-arterial concentration difference of a specific substrate—in this case, oxygen.

In particular: !O2 = " × (#aO2 − CvO2),

where:
— VO2 = fetal oxygen uptake,
— Q = umbilical blood flow, and
— CvO2 - CaO2 = difference in blood oxygen content between umbilical vein and umbilical artery.
Oxygen content in umbilical cord blood is determined by partial pressure of oxygen (PO2), venous haemoglobin saturation

(SaO2) and fetal haemoglobin concentration (HbF) [8,9].
The haemoglobin-bound oxygen content is calculated according to the formula:

#O2 (mmol × l−1) = HbF(g × l−1) × SaO2 × 0.05982,

— SaO2 = haemoglobin saturation.
Analysis of blood samples obtained via cordocentesis between 18 and 38 weeks of gestation revealed that umbilical venous

PO2 and arterial PO2, as well as venous and arterial SaO2, decrease with advancing gestational age [8,9]. This decline is offset by
a concurrent increase in haemoglobin concentration (from 12.1 to 15.3 g dl−1), maintaining the oxygen content relatively stable
[8,10,11].

Table 1 summarizes the determinants of fetal oxygen uptake and their values in human pregnancies [8,10–16]. Over the
years, umbilical uptakes have been measured in many animal experiments, particularly in the chronically catheterized pregnant
sheep model [17]. The catheterization of fetal vessels allowed the measurement of umbilical blood flow rate and the umbilical
venous-arterial oxygen content difference in steady state conditions in the sheep [17].

The first data about oxygen consumption in human pregnancies were obtained in the late 1980s, when Bonds and colleagues
estimated fetal oxygen consumption through indirect calorimetry during elective cesarean section [18]. However, although
indirect calorimetry is a valuable tool for estimating fetal metabolism, the complexity of the placental system and technical
limitations can reduce its accuracy.

In the early 2000s, the improvements in the accuracy of measurement of umbilical venous blood flow through Doppler
imaging of placental blood flow [19,20] made it possible to increase the accuracy of the estimation [14,16]. In particular, the
measurement of umbilical vein area and flow velocity allowed the calculation of umbilical vein volume flow.

For human pregnancy, studies for the calculation of fetal oxygen uptake have been performed at elective cesarean section
when both umbilical arterial and venous oxygen levels can be determined, although with potential limitations owing to the
acute condition and potential effects of maternal anaesthesia. Nonetheless, results obtained by two separate research groups
[14,16] are remarkably similar to each other (table 1) and also to those obtained in steady-state animal experimental studies [17].
As reported in table 2, these data show that cellular oxygen consumption is fairly constant in steady state conditions and similar
in different animal species [14,16,17,21–23]. In particular, Acharya & Sitras calculated umbilical oxygen uptake by ultrasound
measurement of umbilical vein volume blood flow (<24 h before delivery) and umbilical venous and arterial blood samples, in
10 vaginal deliveries and 10 elective cesarean sections [16]. They showed a mean oxygen uptake of 0.29 mmol × min−1 × kg−1 in
term human fetuses [16]. Radaelli et al. studied 26 term pregnancies and performed an ultrasound evaluation within 1 h prior
to elective cesarean section, with blood samples obtained simultaneously at the time of fetal extraction for respiratory gases and
acid-base evaluation [14]. Similar to the study by Acharya et al., this study showed an average value of 0.25 ± 0.12 mmol × kg−1 ×
min−1 for umbilical O2 uptake [14].

The estimation of fetal uptake by the application of the Fick principle has several limitations, being dependent on the
estimation of umbilical blood flow by Doppler velocimetry, and on the potential confounding effects of anaesthesia on the
maternal cardiovascular physiology. Therefore, reproducibility of similar results obtained in two separate laboratories was very
reassuring.

More recently, novel techniques based on magnetic resonance imaging (MRI) have been proposed to non-invasively assess
UV blood flow as well as fetal and brain VO2 in healthy humans and sheep. Blood flow can be assessed through phase-contrast
and oxygen content through T1 and T2 relaxometry [24–27]. These new techniques showed fetal oxygen uptake of 6.8 ± 1.3 ml ×
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kg−1 × min−1 in human and 7.2 ± 1.7 ml × kg−1 × min−1 in sheep (0.30 ± 0.06 mmol × kg−1 × min−1 in humans and 0.32 ± 0.08 mmol ×
kg−1 × min−1 in sheep) [24,25].

Table 1. Determinants of fetal oxygen uptake/utilization.

parameter value explanation references

umbilical venous (UV) oxygen content
(CO2)

6.0–6.7 mmol l-1 — CO2 = HbF x SaO2 x 0.05982

— relatively constant at different
gestational ages (between 18 and 38
weeks gestation)

Nicolaides et al. [8]

Pardi et al. [10]

UV partial pressure of oxygen (PO2) 45.8–35.4 mmHg — they decrease with advancing
gestational age (between 18 and 38
weeks gestation)

Nicolaides et al. [8]
umbilical arterial (UA) partial pressure

of oxygen (PO2)
37.6–32.6 mmHg

venous haemoglobin saturation (SaO2) 90%–75%
arterial haemoglobin saturation

(SaO2)
70%–62%

haemoglobin concentration (HbF) 12.1–15.3 g dl−1 — it increases with advancing
gestational age

(between 24 and 38 weeks gestation)

Pardi et al. [10]
Pardi et al.. [11]

uterine blood flow 535–193 ml min−1 kg−1 — the absolute flow increases with
advancing gestational age

— the flow expressed per unit fetal
weight decreases with advancing
gestational age

(between 20 and 38 weeks gestation)

Rigano et al. [12]

umbilical blood flow 117.5−78.3 ml min−1 kg−1 — it increases with advancing
gestational age

— the flow expressed per unit fetal
weight decreases with advancing
gestational age

(between 20 and 39 weeks gestation)

Boito et al. [13]
Radaelli et al. [14]

oxygen placental permeability at term
(Dp[O2])

— physiological Dp[O2] 6−15 cm3 min−1

kPa−1

— morphometric Dp[O2] 15−45 cm3

min−1 kPa−1

Mayhew et al. [15]

fetal oxygen uptake at term 0.26–0.29 mmol min−1 kg−1 — VO2 = Q x (CaO2 - CvO2)
— product of UV volume blood flow (Q)

and the difference in blood oxygen
content between UV and UA

— equivalent to oxygen consumption
— it increases with advancing

gestational age

Acharya et al. [16]
Radaelli et al. [14]

Table 2. Fetal oxygen uptake in different mammals.

species fetal oxygen uptake (mmol × min−1 × kg−1) references

guinea pig 0.40 Battaglia & Meschia [17]
horse 0.32 Silver & Comline[21]
baboon 0.32 Fisher et al. [22]
sheep 0.26−0.36 James et al. [23]
human (term) 0.26–0.29 Acharya et al. [16]

Radaelli et al. [14]
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3. Glucose as a fuel in relation to oxygen consumption
Glucose uptakes have been measured in several animal models, such as the sheep, horse and cow, where it is feasible to carry
out such measurements [21,28]. Glucose uptake in the umbilical circulation has been shown in the order of 4−6 mg × kg−1 ×
min−1, showing that glucose represents the most important fetal nutrient [21,28].

The umbilical glucose/oxygen quotient can be calculated from the umbilical veno-arterial differences (v-a), independently of
blood flow, that is equal for numerator and denominator, as follows:

umbilical glucose/oxygen quotient = 6 × $ (v − a)glucose (mmol × l−1)/$ (v − a) oxygen content (mmol l−1),

where:
— A = number of atoms.
In human pregnancies, glucose/oxygen quotients have shown that the utilization of glucose accounts for approximately 80%

of oxygen uptake [29].

4. Relationship between umbilical (fetal) and uterine (placental) oxygenation
The relationship between umbilical and uterine oxygenation has been studied in human pregnancies at the time of elective
cesarean section. Pardi et al. showed a remarkable relationship between umbilical and uterine venous pO2 values in normal
pregnancies, thus indicating that the human placenta simulates a venous equilibrator, with umbilical venous values equilibrat-
ing with the uterine vein, and with a positive gradient between the uterine and the umbilical circulation (with uterine values
always higher in the uterine vein than in the umbilical vein) [11]. Similar data were obtained for pCO2 uterine-umbilical
exchanges [11].

The coefficient of uterine O2 extraction (UtO2 extraction) was calculated as:

UtO2 extraction(%) = (#AO2 − #vO2)/#AO2 × 100,

— CAO2 − CvO2 = difference in blood oxygen content between uterine artery and uterine vein.
Recently, a four-vessel sampling approach has been described that combines collection of blood samples from the incoming

and outgoing vessels on the maternal and fetal sides of the placenta, in order to simultaneously address placental and fetal
uptakes and release of molecules of interest [30].

5. Oxygenation in fetal growth-restricted fetuses
FGR is a pregnancy complication characterized by an impaired rate of intrauterine growth, where the fetus fails to achieve its
genetically predetermined growth potential. This condition starts in the early stages after conception and is characterized by
impaired placentation and insufficient remodelling of the uteroplacental spiral arteries [3]. In the following weeks, alterations
develop into a common placental phenotype, which is characterized by reduced umbilical concentrations and a compromised
ability to transport nutrients, particularly amino acids. These changes primarily result from disruptions in placental transport
systems [31,32].

A specific sequence of hemodynamic changes associated with FGR has been extensively documented in numerous studies,
particularly during the 1990s. In the early stages of growth restriction, when fetal growth begins to decelerate, no significant
alterations in umbilical blood flow are typically observed. This hemodynamic sequence commences with an early increase in
placental resistance within the umbilical arterial circulation, followed by later changes in the ductus venosus and, ultimately,
alterations in the heart vessels [33]. These changes are more likely to occur in early onset FGR, i.e. FGR with clinical manifes-
tations before 32 weeks, where a placental origin has been well described [31]. When FGR is diagnosed after 32−34 weeks,
maternal predisposition owing to an inflammatory environment may also be involved, although there is much overlapping
between the two fetal and placental phenotypes [34].

In 1993, our research group investigated fetal oxygenation and acid–base balance in FGR and control fetuses by analysing
blood samples obtained via cordocentesis [10]. FGR was defined by measurements of abdominal circumferences below the 10th
percentile of reference values for fetuses of similar ages together with a shift in the growth curve by greater than 40 centiles
[10]. The biochemical parameters measured in fetal blood included haemoglobin concentration, oxygen content, pH, blood gas
levels, base deficit, lactate concentration and branched-chain amino acids in umbilical venous blood [10]. They enabled us to
observe a progressive decrease in absolute umbilical venous oxygen levels in FGR fetuses [10]. This reduction correlated with
the severity of the condition, as assessed by umbilical arterial Doppler and fetal heart rate monitoring: the FGR fetuses become
progressively hypoxic and lactacidemic [10]. In particular, the absence of end-diastolic flow was linked to an elevated risk of
hypoxia, as well as acidemia [10]. This association is strengthened by abnormalities in fetal heart rate patterns [10]. Umbilical
artery absent end-diastolic flow serves as a marker for placental vascular changes, suggesting that the placental changes precede
the onset of hypoxia and acidosis, probably with a causal relationship [10].

More recently, with the opportunity to study umbilical uptakes, we investigated if changes in umbilical oxygen levels in FGR
were also associated with changes in oxygen utilization [35]. The objective of that human clinical study was to evaluate potential
changes in the umbilical uptake of oxygen and of glucose in FGR compared to normal term pregnancy [35].

4

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 380: 20240181

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

22
 A

ug
us

t 2
02

5 



Umbilical O2 delivery (μmol x min−1), which is the product of umbilical vein O2 content times umbilical venous blood flow,
was strikingly reduced both as absolute values (−78%) and normalized (−50%) for fetal body weight [35]. Umbilical oxygen
uptake was also significantly reduced (−78%), also when normalized for fetal body weight (−50%) (figure 1; [35]). Moreover,
both the reduction of oxygen delivery per kg and of oxygen uptake per kg were demonstrated independently from the presence
of abnormalities of umbilical arterial pulsatility index [35].

From previous studies, we know that these changes are associated with a different relationship between umbilical and
uterine venous values (figure 2; [11,36]). The first interesting observation from those studies is that uterine venous pO2 values
are higher in FGR than in normal pregnancies, leading to significantly reduced uterine oxygen extraction (−38%). Moreover,
since the umbilical vein O2 content is lower in FGR than in controls, uterine-umbilical venous gradients are significantly
increased, suggesting that the placenta may represent a limiting step to umbilical O2 delivery (figure 2; [11,36]).

In recent years, MRI studies have investigated changes in placental blood volume and fetal oxygenation in FGR [37–39]. Jani
et al. observed that FGR pregnancies exhibit a reduction in MRI placental flux (a measure of the rate of oxygen transfer into fetal
capillaries within the placenta) and delivery flux (rate of oxygen delivery from placenta to the fetus) [37], thus confirming our
previous findings of impaired uterine-umbilical venous gradient in FGR pregnancies. Further studies indicated reduced oxygen
saturation in fetal blood perfusing the placenta, with more pronounced abnormalities in severe FGR cases [38,39].

6. Placental oxygen utilization in fetal growth-restriction
The question is then: which are the factors causing reduced oxygen delivery to the FGR fetus? What is the role of uterine oxygen
delivery versus fraction of placental oxygen utilization/delivery?

In an ovine model of hyperthermia-induced FGR, the observed reduction in fetal oxygen uptake was reported, along with
evidence suggesting that increased placental oxygen utilization may represent a limiting factor reducing oxygen delivery to the
fetus [40].

Equivalently, as already mentioned, the uterine-umbilical oxygen gradient in human FGR is increased, while the coefficient
of uterine oxygen extraction is decreased [11]. This provides additional data to support the evidence that the placenta, rather
than the uterine supply, may represent a limiting step to umbilical oxygen delivery.

The origin of the impaired placental maldevelopment leading to FGR seems to be associated with maternal malperfusion.
In particular, fluctuations in placental oxygen concentration are a more powerful stimulus for the generation of oxidative stress
than chronic hypoxia alone, inducing oxidative and endoplasmic reticulum stress [41,42].

Several studies have confirmed that placental oxidative stress is associated with placental insufficiency in FGR [43]. Increased
oxidative capacity is associated with increased superoxide (O2−) production, together with a depletion of placental antioxidant
capacity and overall total antioxidant potential [44]. FGR placentas also exhibit increased levels of downstream markers
associated with reactive oxygen species (ROS)-mediated damage, along with elevated protein levels of DNA damage markers
[45].

Oxidative damage to placental mitochondria has also been implicated in FGR [46]. Mitochondria, the organelles responsible
for cellular respiration and oxidative phosphorylation, are fundamental to cellular metabolism. In the inner membrane of
mitochondria, respiratory chain complexes consume oxygen to produce energy (ATP). Mitochondria have become extremely
studied in recent years as markers of oxidative stress in many diseases, since ROS exposure can result in oxidative damage to
mitochondria leading to changes in mitochondrial membrane permeability and structure and also on mitochondrial biogenesis
[47]. Several transcription factors are involved in the regulation of mitochondrial biogenesis, mediated by physiologic stimuli
including physical exercise, dietary restrictions, temperature and muscle myogenesis [47]. Mitochondrial DNA levels can be
measured by real-time polymerase chain reaction and are a measure of mitochondrial number within the cell and of oxidative
stress [47].

In FGR placentas, mitochondrial DNA content (mt content) was shown to increase with decreasing oxygen levels in the
umbilical vein [48], probably as a compensatory mechanism to hypoxia. Similarly, mt content is increased in FGR placental
multipotent stem cells that originate from further stromal cell lines, possibly contributing to increased mt content in whole
placental tissue [49]. In the same FGR placentas, mitochondrial function was evaluated by high-resolution respirometry, finding
increased cellular oxygen consumption by the respiratory chain complexes specifically in hypoxic FGR [50].

In this context, it is interesting to observe that, despite the increased levels of mitochondrial levels of placental and cord
blood mitochondria [51], fetal oxygen consumption is also decreased on a per kg basis in FGR [35,50]. Indeed, the mitochondrial
DNA content is increased, and mitochondrial function is altered in both cytotrophoblasts and mesenchymal stromal cells in
human FGR placenta [11,49,50]. The increased levels of mitochondria in FGR fetuses are probably a compensatory mechanism
to hypoxia [48]. This mechanism, particularly present in the most severe cases, leads to an increase in oxygen consumption by
FGR placentas, which may affect oxygen delivery to the fetus [50].

Thus, it is understood that pregnancies complicated by FGR are characterized by placental oxidative stress, with specific
markers of oxidative stress and energy metabolism being implicated in the placental pathogenesis of FGR.

7. Oxygen and other fetal nutrients in fetal growth-restriction
Fetal nutrition is highly dependent on placental transfer of the mix of maternal nutrients reaching the uterus [52]. Glucose
represents the main substrate for oxidation, with a facilitated GLUT-mediated transfer across the placenta. The placenta uses
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glucose at an extensive rate, depending on the period of gestation. Using the experimental design of simultaneous measurement
of uterine and umbilical vessels in normal term pregnancies, utero-placental glucose uptake was shown to correlate with
placental glucose consumption, but not with utero-placental glucose uptake. Fetal and placental glucose consumptions were
also inversely correlated [53], implying that the placenta may represent a limiting step to fetal delivery of glucose in impaired
conditions.

In human FGR, data at cesarean section show that, similarly as for oxygen, umbilical glucose uptake is also significantly
reduced (−72%), also when normalized for fetal body weight (−30%) [35]. However, this reduction is proportionally less than
for oxygen [35]. Therefore, the glucose/oxygen quotient is significantly increased (+100%) while glucose clearance significantly
decreased (71%) in FGR pregnancy [35].

Glucose transport across the placenta has been shown to be largely determined by placental permeability [54] and by
placental glucose consumption [55,56], rather than by rates of placental perfusion.

Reduced fetal glucose utilization has also the potential to modify placental transfer by its effect on the transplacental
gradient.

Several studies have illustrated that amino acid concentrations are lower in cord plasma of FGR infants, particularly for the
essential branched chain amino acids valine, leucine and isoleucine [57]. Stable isotope studies infusing L-[1-13C]-leucine prior
to cordocentesis showed a progressive dilution of the fetal enrichment relative to the mother between normally grown and FGR
fetuses of progressive severity [58]. A positive correlation between the fetal/maternal leucine molar per cent enrichment ratio
and umbilical venous oxygen content and an inverse correlation with fetal lactate concentration was also observed [58]. These
data suggested increased protein breakdown within the fetoplacental compartments of FGR pregnancies.

FGR infants are born with relatively little body fat and glycogen stores [59]. Thus, the two major forms for carbon storage
are reduced in FGR infants. Given these observations, it seems likely that the increased umbilical glucose/oxygen quotient of
FGR fetuses may be associated with a diversion of an increased fraction of the reduced glucose supply to oxidation, sparing

Figure 1. Fetal oxygen delivery and uptake in fetal growth-restricted (FGR) fetuses (values are presented as mean ± s.e.).

Figure 2. Oxygen exchange through the placenta in appropriate for gestational age (AGA) and fetal growth restricted (FGR) pregnancies. O2: oxygen; PaO2: umbilical
artery partial pressure of oxygen; PvO2: umbilical venous partial pressure of oxygen.
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utilization of amino acids as fuels. Such a diversion of glucose carbon to oxidation would also help to explain the reduced fat
and glycogen stores [2]. Glucose and insulin are the principal regulators of glycogen synthesis. Low oxygen levels in severe
FGR can stimulate epinephrine secretion and activation of glycogen phosphorylase thus increasing glycogenolysis with marked
reductions in glycogen content both in the liver and in the skeletal muscles [59]. In FGR, also nitrogen and protein contents are
reduced for body weight, primarily owing to deficient muscle growth [60].

8. Other hypoxic models
Chronic fetal hypoxia at high altitude is probably considerably less severe than the pronounced chronic hypoxia observed
in cases of severe fetal FGR. In fact, human fetuses characterized by high-altitude pregnancy extract sufficient oxygen to

Figure 3. Changes in oxygen consumption and umbilical artery pH in relation to decreases in oxygen delivery. Regression lines between appropriate for gestational
age (AGA) and fetal growth restricted (FGR) pregnancies are not significantly different. VO2=fetal oxygen uptake ; DO2=oxygen delivery

Figure 4. FGR maternal, placental and fetal changes in relation to severity from adaptation to failure.
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guarantee normal fetal oxygen consumption rates [61]. Hence, the human fetus’s ability to extract oxygen to sustain delivery as
a compensatory mechanism may be limited by the severity of oxygen impairment, beyond which it may also need to reduce
oxygen consumption as a survival strategy to preserve viability.

In obesity and diabetes, a chronic excessive inflammatory response may lead to detrimental effects on placental function
[62], with heavier and thicker placentas [63]. Increased nutrient delivery is then associated with decreased placental efficiency,
leading to large, but hypoxic and acidemic fetuses at delivery [64]. A lipotoxic placental environment is recognized in maternal
obesity, with increased inflammation and oxidative stress [65]. Differences in placental mitochondrial content, with higher
mtDNA levels, similar to that observed in FGR, suggest increased mitochondrial biogenesis in normoglycemic obese pregnan-
cies [66]. However, studies on oxygen uptake have not yet been performed in this condition.

Another human model is represented by monochorionic twin pregnancies. Casati et al. estimated fetal oxygen and glucose
consumption in uncomplicated monochorionic twins [67]. The comparison with the available data on singletons reveals the
existence of compensatory mechanisms adopted by monochorionic twins to reduce their metabolic rate and adapt to less
favourable intrauterine conditions [67]. Moreover, the study presents intriguing differences in oxygenation, acid–base balance
and metabolic rates between the two supposedly identical twins of the same mother according to the birth order, with the
second twin showing significantly lower oxygen delivery and uptakes on a per kg basis [67]. Differences in placental perfusion
owing to a major distance from the maternal uterine perfusion have been hypothesized to explain these differences [67].

9. Oxygen supply and demand relationship
It is assumed that there is a specific relationship between the oxygen supply and demand relationship, with constant oxygen
uptake in a wide range of oxygen delivery, falling steeply when a critical point is reached (figure 3).

Data on oxygen delivery and utilization in human FGR show that growth restriction appears to create opportunities for
metabolic adaptations that enhance tolerance to hypoxia. This adaptation is similar to what was observed in small immature
neonates, who reduce their oxygen demand and consumption in response to impaired delivery [68]. This is called ‘hypoxic
hypometabolism’.

The decreased oxygen consumption prompts a so called ‘brain sparing effect’, that is a redistribution of fetal circulation
to maintain sufficient oxygen and metabolites in the central nervous system [33]. Nevertheless, the fetal brain requires high
nutritional demands in the third trimester, and this compensatory mechanism might not be sufficient to maintain its essential
requirements, as shown by in vivo spectroscopy imaging studies indicating lactate production by the brain of human hypoxic
FGR fetuses [69]. Similarly, in an in vivo sheep model, decreases in pH and increases in lactate fetal arterial concentrations,
progressively induced by maternal oxygen restriction, led to a hypoxic fetal lamb brain. This was shown by magnetic resonance
spectroscopy with progressive increases of lactate signals by the fetal lamb brain when pH < 7.10 and lactate >3.7 mM [70].
Reduced fetal brain volumes have been demonstrated by MRI studies in human FGR [71,72]. A dramatic circulatory redistrib-
ution and an approximately doubled cerebral blood flow were also observed in the most severe cases of reduced umbilical
blood flow and oxygen delivery [72]. However, in an animal model of FGR obtained by uterine carunclectomy, there was a
redistribution of blood flow to the adrenals and temporal lobe, but not the heart or whole brain [73].

In the human chronically hypoxic FGR, when oxygen delivery falls below a value of approximately 0.2 mmol × kg−1 ×
min−1, pH decreases significantly, as shown in figure 3 (Cetin I, Taricco E, Radaelli T, Pardi G 2006, unpublished data). Figure
4 presents the progressive changes occurring on the maternal and fetal side, mediated by placental alterations, progressively
associated with decreased fetal growth, hypometabolism, with potential final insufficient oxygen delivery, leading to brain
damage and fetal death.

10. Conclusions
Knowledge of maternal–placental–fetal metabolic relationships is becoming increasingly important in perinatal medicine since
maternal substrate concentrations are subject to some degree of control either through dietary or medical intervention. Maternal
lifestyle factors, including suboptimal nutrition during pregnancy, as well as pre-pregnancy body mass index have been shown
to play a significant role on maternal and placental inflammatory and oxidative status, and ultimately on fetal growth [62,74].
Mediterranean diet as well as interventions to reduce stress have recently shown beneficial effects in preventing reduced fetal
growth and a lower proportion of small placentas [75,76].

Oxygen is the main driver of fetal growth and metabolism and fetal oxygen concentrations tend to be relatively stable in
pregnancy. Placental insufficiency may lead to initial fetal metabolic adaptations with reductions in fetal oxygen utilization,
a condition of hypometabolism. This condition is associated with a diversion of utilization of oxygen towards more glucose
consumption and less utilization of amino acids or other fuels for growth. When this mechanism becomes insufficient, i.e.
oxygen delivery falls below a limit, then hypoxia is followed by asphyxia, involving the fetal brain and other fetal organs.
Imaging techniques to investigate these alterations and better address timing of delivery are on the horizon. Implementation of
dietary counseling, micronutrient supplementation as well as lifestyle in pregnancies at risk is warranted, to prevent placental
dysfunction and reduced fetal growth.
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