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valuation of Fetal Growth and Fetal Well-Being
rene Cetin, MD, Simona Boito, MD, PhD, and Tatjana Radaelli, MD

This article reviews the actual knowledge and future developments of ultrasound tech-
niques for the evaluation of fetal growth and well-being. Sonography allows the visualiza-
tion of the fetus in utero and is utilized worldwide for the evaluation of fetal growth and
well-being. Fetal biometry assessment is performed in the second half of pregnancy when
deviations of fetal growth can be best recognized through alterations of fetal abdominal
circumference growth. Doppler velocimetry of utero-placental vessels identifies alterations
of placental perfusion and is valuable in the assessment of fetal brain, heart, and liver
perfusion, thus being utilized in the timing of delivery. Recently, three-dimensional ultra-
sound evaluation of fetal organs and placenta is being developed.
Semin Ultrasound CT MRI xx:xxx © 2008 Elsevier Inc. All rights reserved.
CT

R

d
t

p
e
d

w
s
a
c

u
O
i
t
w
i
d
p
t
p

F
E
M
t
t
t
o
t
h
d

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

AQ: 1
UNCO
RRE

rowth of the fetus in utero determines the good outcome
of pregnancy, ie, the birth of a healthy and viable child.

ormal fetal growth depends on genetic background, endo-
rine milieu, and the appropriate placental supply of oxygen
nd nutrients.1

Since its introduction into obstetrics in the late 1950s,
ltrasound has played an increasingly important role in the
haracterization of normal fetal growth and the detection of
etal growth abnormalities. Fetal growth assessment is very
mportant to clinicians as decrease or excess in fetal growth is
ssociated with increased mortality and morbidity during the
erinatal period2 and may also be an important antecedent
or childhood and adult disease.3,4

Improvements in image quality and scanning capability
ave progressively permitted visualization of greater anatom-

cal detail, which, in turn, has led to more sophisticated anal-
ses of the growth process.5

etal Growth
nd Fetal Well-Being
hanges that influence the supply of nutrients to the fetus
ight lead to alterations of the fetal growth trajectory. Intra-
terine growth restriction (IUGR) is usually associated with
lacental insufficiency, while in gestational diabetes mellitus,

t has always been hypothesized that excess fetal growth is

nstitute of Obstetrics and Gynecology, Foundation IRCCS Policlinico,
Mangiagalli and Regina Elena, University of Milan, Milan, Italy.

ddress reprint requests to: Irene Cetin, MD, Institute of Obstetrics and
Gynecology, Foundation Policlinico, Mangiagalli and Regina Elena, via
Commenda, 12, 20122 Milano, Italy. E-mail: Irene.Cetin@unimi.it
887-2171/08/$-see front matter © 2008 Elsevier Inc. All rights reserved.
oi:10.1053/j.sult.2008.01.002
ED
 Periving from the increased availability of maternal nutrients

o the placenta.
Birth weight and gestational age at birth are the most im-

ortant determinants of neonatal mortality6 and numerous
vidence suggests that low birth weight is associated with the
evelopment of the metabolic syndrome.7

A strong relationship has been observed between placental
eight and birth weight8 and data arising from large cohort

tudies have shown that the combination of a large placenta
nd low birth weight is a strong independent risk factor for
ardiovascular disease in adulthood.9

The standard curves of birth weight that are commonly
sed are adjusted for gestational age as well as fetal gender.
ther factors have been identified as important in determin-

ng birth weight and customized curves have been developed
hat take into account maternal characteristics such as height,
eight, parity, as well as race and ethnic group.10 Custom-

zed birth weight centiles try to assess weight against an in-
ividual calculated standard, which is based on the growth
otential of each fetus.11 Adjustments for differences in ges-
ational age and maternal body mass index seem to better
redict the SGA-associated risk of perinatal mortality.12,13

etal Biometry and
stimation of Fetal Weight
ost ultrasound measurements have been developed with

he objective of assessing the size of the fetal trunk and
hereby obtaining more accurate information concerning fe-
al growth.14,15 Already in 1965 Thompson and coworkers
btained the earliest recorded attempts of fetal cross-sec-
ional area of the trunk.16 Moreover, trunk measurements
ave been further developed during the past years and many
ifferent techniques have been advocated. These include
1
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easurements of the thoracic diameters and of the abdomi-
al circumference.17,18 Measurements of the abdominal cir-
umference at the level of the fetal liver seems to hold the best
ccuracy and is currently considered an indicator of intra-
terine fetal growth in the second half of pregnancy.19 The
ationale for this measurement is that it corresponds most
losely with the size of the fetal liver. The work started by
vans and coworkers using an animal model20 was subse-
uently confirmed by Gruenwald in the human fetus.21

Using ultrasound, other authors22,23 indicated that the fetal
iver is the earliest organ to be affected when intrauterine
rowth restriction occurs. The detection of fetal growth re-
triction by means of head circumference measurements in
act may be limited due to fetal brain sparing in the presence
f chronic fetal hypoxemia.
An important condition in which we commonly see accel-

rated fetal growth is maternal insulin-dependent diabetes
ellitus. In this clinical condition, fetal biparietal diameter

nd head circumference measurements conform to normal
rowth patterns, while growth of the abdominal circumfer-
nce is abnormally accelerated.24,25 So far, the ultrasound
iometric parameters most commonly used for determining
etal growth are as follows:

Fetal biparietal diameter and head circumference: these
are obtained on a trans-axial section of fetal head that
should appear as an oval shape. Landmarks for the right
section are the thalamic nuclei and the cavum septi pel-
lucidi (Fig. 1)

Abdominal circumference: a transverse abdominal section
should be obtained including fetal stomach, spine, and
deep portion of the umbilical vein (U-shape) (Fig. 2).

Femur length: measure of the bone diaphysis, excluding
distal femoral epiphyses, present after 32 weeks (Fig. 3).

A deeper understanding of fetal growth patterns was
eached through customizing the birth weight standard ac-
ording to physiological variables such as maternal booking
eight, maternal height, parity, fetal sex, and ethnic origin.26

igure 1 Transverse axial sonogram of the fetal head: measurement
f biparietal diameter.
 F
ED
 P

RO
O

F

raditionally, charts of normal fetal biometry have been de-
ermined for local populations. As neonatal size was found to
ary with the characteristics of the population,27 these pop-
lation-based fetal nomograms should be revised regularly,
llowing their correct clinical application. In utero fetal
rowth studies suggested that certain maternal and preg-
ancy characteristics, such as maternal height and weight,
moking status, ethnic origin, parity, and maternal metabo-
ism, may affect fetal growth.28,29 Gardosi and coworkers,
ased on this concept, performed mathematical modeling in
hich the effects of pregnancy characteristics to produce a

ustomized birth weight standard were taken into account.11

Since birth weight is regarded as an outcome measure of
etal growth, assessment of fetal growth in utero appears to be
elpful in making clinical management decisions in very low
irth weight or large babies. With modern sonographic tech-
ology, fetal weight can be estimated with reasonable accu-
acy.30,31

The most successful early approach to estimate fetal weight
as a simple correlation between abdominal circumference

nd birth weight.17 Numerous further attempts have com-

igure 2 Transverse axial sonogram of the fetal abdomen.

igure 3 Longitudinal sonogram of the fetal femur length.
 109
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ined measurements in regression equations or volumetric
ormulae with different degrees of accuracy. Several of these

ethods have insignificant systematic errors, but random
rrors (ie, standard deviation of errors) of less than 7% are
arely reported. The accuracy of estimated fetal weight is also
ompromised by large intra- and interobserver variability.32

any regression formulae for sonographic fetal weight esti-
ation have been published during the last 30 years, which,
nfortunately, generally show poor rates of accuracy. Com-
only used formulae in different birth weight groups were

ecently compared to assess whether any of the formulae are
ore or less favorable.33 Over the whole weight range and in

he subgroup of newborns with a birth weight less than
500 g, two Hadlock regression formulae (including abdom-

nal circumference, femur length, biparietal diameter with or
ithout head circumference) showed the best levels of accu-

acy. Infants with a birth weight between 2500 and 3999 g
nd �4000 g were best estimated using the gender-specific
child formula (different formulae for girls and boys)34 and
he Merz’s regression formula, respectively.35

In summary, although ultrasound has been shown to be an
nvaluable tool for the assessment of fetal growth patterns,
he measurements currently employed are less than ideal,
ince mathematic formulas are necessary to convert them
nto weight or volume.

Moreover, no significant differences were observed in a
ecent study when comparing clinical versus sonographic
stimation of fetal weight in the normal weight range, except
hat, while the ultrasonographic method underestimated
irth weight, the clinical method overestimated it. Moreover,
ltrasound demonstrated more accurate compared to the
linical evaluation in detecting low-birth-weight babies.36

valuation of Fetal Body Composition
etal body composition changes throughout gestation. Spe-
ifically, a large and exponential deposition of fat tissue oc-
urs during the second half of gestation, when most of fetal

igure 4 Fat mass measured at the level of middle arm: the measure
as obtained as the difference between total arm area and lean mass

rea (muscle and bone).
ED
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F

eight is gained.37 Fetal fat mass growth seems to better
orrelate with the intrauterine environment, whereas fat-free
ass shows stronger relationships with genetic factors. This

s supported by evidence showing that the differences in
eight at birth of babies born small or large for gestational

ge are due to the different percentage of fat at birth, repre-
enting up to 46% of the variance in neonatal weight.38,39

Anthropometric ultrasound measurements of fetal body
omposition of normal fetuses have shown a unique expo-
ential pattern of the growth profile during the second half of
estation both in lean mass and in fat mass.40 Fat and lean
ass can be measured at the level of the thigh and the arm

Fig. 4). Moreover, subcutaneous fat can be measured as
ubcutaneous abdominal fat thickness (Fig. 5) and subscap-
lar fat thickness. Although alterations of fetal growth trajec-
ory are associated with decreased abdominal circumference
easurements, fetal biometry has limitations in differentiat-

ng the growth-restricted fetus from a fetus that is constitu-
ionally small. Reduced subcutaneous fat mass has been
hown in IUGR fetuses and the reduction is more significant
hen fat is normalized for body size.41 On the other hand, in
estational diabetes mellitus the increased intrauterine
rowth is reflected in increased fetal fat mass deposition42

nd intrauterine ultrasound evaluation of fetal fat correlates
ith fetal leptin levels.43

hree-Dimensional Ultrasound
n the Evaluation of Fetal Weight
nd Fetal Organ Volumes
ith the introduction of three-dimensional (3D) sonography

t the beginning of the 1990s, reproducible circumference
nd volumetric measurements have become feasible by si-
ultaneous visualization of three orthogonal fetal sections

nd volume calculation has been considerably simplified.44,45

hree-dimensional ultrasonography allows assessment of the
hape and volume of fetal organs.46-48

igure 5 Abdominal fat thickness measured at the level of abdominal
ircumference.
167



CT

3
T
p
d
u
s
s
e
3
c
n
c
s
i
t
z
m
A
d
d
c
T
a
l
a
o
t
r
p
a
i

L
A
m
t
c
p
d
f
a
a
s
w
d
f

t
c
p
w
w
t
d
i
W
n
s
w
e
c
f
t

4 I. Cetin, S. Boito, and T. Radaelli

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225

F6-7

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224

F8

F9

tapraid2/zp7-sult/zp7-sult/zp700208/zp72029d08z karkerap S�1 2/11/08 Art: 249 ce: dlw
UNCO
RRE

D Ultrasound Technique
he three-dimensional ultrasound technique uses computer
rocessing for 3D reconstruction. A consecutive set of two-
imensional (2D) planes is acquired by movements of the
ltrasound probe (free hand or mechanically) and con-
tructed into a 3D data set by a computer. By using a position
ensor or electromagnetic sensing device, the position of ev-
ry pixel of 2D images within the volume is determined and
D reconstruction can be built. The 3D ultrasound machine
ommonly used is equipped with an automatic volume scan-
ing method. The ultrasound probe has a built-in mechani-
al device to move the transducer along with a position sen-
or. The patient setting of a 3D ultrasound examination is
dentical to that of a conventional 2D ultrasound examina-
ion. Orientation with real-time 2D ultrasound and optimi-
ation of the B-mode image (the normal 2D ultrasound
ode) is necessary before 3D acquisition can take place.
cquisition is performed automatically after the examiner
efines a region of interest (the so-called “volume box”). The
igitized information of every section plane is loaded into a
omputer along with the information regarding its position.
he 3D data set is thus composed of a set of voxels, each with
certain gray value and brightness. These values are interpo-

ated to the voxels in-between two section planes.47-49 After
cquisition, three orthogonal planes in the direction of three
rthogonal axes (x; y; z) are displayed on the monitor (mul-
iplanar view) (Figs. 6 and 7). These planes can be moved and
otated freely with an automatic update of the perpendicular
lanes. 3D image reconstruction takes place after a box is set
round the region of interest within the volume, thus extract-
ng unwanted parts.

Figure 6 Placental volume calculations and the final thre
is available online.)
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iver Volume
s already discussed, numerous studies have shown that the
ost effective method of detecting impaired fetal growth is

he sonographic measurement of the upper abdominal cir-
umference.50,51 However, this measurement is not com-
letely satisfactory in that the positive-predicted value for
etecting fetal growth restriction may be as low as 21%.52 The
etal liver comprises most of the abdomen measured by the
bdominal circumference, and changes in fetal liver weight
re strongly associated with induced intrauterine growth re-
triction in animals.1 Moreover, reduction in fetal liver
eight is more pronounced than reduction in brain weight
ue to the brain-sparing effect, reflecting redistribution of
etal blood flow during chronic fetal hypoxemia.53

The reproducibility of fetal liver volume recordings and
racings has been shown to be quite accurate with a total
oefficient of variation of less than 4%.54 In uncomplicated
regnancy, fetal liver volume demonstrates a 10-fold increase
ith advancing gestational age (Fig. 8) and increasing fetal
eight. The regression line, shown in Figure 9, demonstrates

hat the liver volume is proportional to estimated fetal weight
uring the second half of pregnancy. Fetal growth restriction

s associated with reduced liver volume in every instance.
hen looking at the mean difference in liver volume between

ormal and reduced fetal growth, as expressed by the Z-
core, a significant difference is confirmed when compared
ith the head circumference, confirming the brain-sparing

ffect during abnormal fetal development. It can be con-
luded that liver size is affected in fetal growth restriction, but
etal liver volume measurement is not a better discriminator
han measurement of the upper abdominal circumference.

nsional image of the placenta. (Color version of figure
e-dime
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rain Volume
oth fetal biparietal diameter and fetal head circumference
re standard parameters in establishing normal and abnormal
etal biometry.14 With the use of a 3D sonographic method, it
s now possible to measure fetal brain volume with an accept-
ble intraobserver variability. A nearly 10-fold increase in
etal brain volume takes place during the second half of ges-
ation. At the same time brain growth demonstrates a marked
low down as expressed by a weekly increment in brain vol-
me at 34 weeks of only one-third of the weekly increment at
9 weeks of gestation. When fetal brain weight derived from

Figure 7 Liver volume calculations and the final three-d
available online.)
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rain volume is examined, this represents 14 to 17% of total
stimated fetal weight. Fetal brain volume measurement in
onjunction with fetal liver volume determination could pro-
ide insight into the nature of abnormal fetal growth.

rain Liver Volume Ratio
ost-mortem studies have established that fetal growth re-
triction is associated with an increased brain/liver volume
atio. During fetal hypoxemia, reduction in fetal brain weight
s less pronounced than fetal liver weight and this phenom-
non is caused by fetal circulatory centralization and fetal

onal image of the fetal liver. (Color version of figure is
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rain sparing, resulting in asymmetrical growth restriction.
sing 3D ultrasound scanning a mean brain/liver volume

atio of 3 was found in normal developing pregnancies and a
aximum value of 10 has been reported in IUGR fetuses.55

hese measurements indicate the possibility of calculating
etal brain/liver volume ratio as a tool to monitor fetal growth
estriction, and to indirectly indicate fetal hypoxemia. It thus
ecomes of interest to evaluate how this ratio relates to um-
ilical venous volume flow, responsible for oxygen transfer to
he fetus. An inverse relation has been found in the growth-
estricted fetus between fetal brain/liver volume ratio and
etal weight-related umbilical venous blood flow. Raised fetal
rain/liver volume ratios were first found at reduced fetal
eight-related umbilical venous volume flows of 70 ml/min/
g, and an average gestational age of 30 weeks.55

lacental Volume
ltrasound is the most sensitive and less invasive method to
valuate placental size and morphology. The three-dimen-
ional approach allows the calculation of placental volume in
he first and second trimester of pregnancy. Intra- and inter-
bserver reproducibility of placental volume measurements
as tested showing a good reproducibility.56 Reference val-
es for placental volume in normally developing fetuses have
een established during the first half of pregnancy according
o a cross-sectional study design (Fig. 10).56 Mean placental
olume (P50) ranged between 15.8 ml at 10 weeks and 198.4
l at 23 weeks. A positive correlation existed between pla-

ental volume and fetal biparietal diameter (r � 0.81). Nor-
al placental volume is 12-fold larger at midgestation com-
ared with the beginning of pregnancy, confirming that
lacental growth occurs mainly in the first half of pregnancy.

oppler Velocimetry:
rofiles and Estimation of Flows
terine and Umbilical Blood Flow Profiles
terine blood flow provides oxygen and nutrient supply to

he placenta and to the fetal circulation. During normal preg-
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igure 10 Placenta volume (milliliters) relative to gestational age
weeks). Open circles (Œ) represent individual normal values; solid
ine (—): P5, P50, and P95 reference lines. P50: cubic fit �

228.75 � 25.8124 � 0.0135 � (gestational age).3 P5-P95 �
50 � 1.645 � 1.25 � (�1.9685 � 1.6315) � (gestational age).
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ancy, deep anatomic and functional changes occur in the
tero-placental circulation. Between 10 and 24 weeks of ges-
ation, two subsequent trophoblast migration waves into spi-
al arteries wall lead to a larger lumen diameter and a total
ack of wall arterial elasticity. Spiral arteries progressively
ecome low wall resistance vessels, allowing the physiologi-
al increase of blood flow into the intervillous space. Ade-
uate placentation is essential to guarantee a normal obstetric
utcome. Doppler studies show vessel remodeling is rapid,
ith the loss of proto-diastolic notching by 12 weeks and low

esistance indices by 20 weeks or sooner.57,58 On the con-
rary, when placentation is deficient (incomplete/absent tro-
hoblast migration into arteries wall), notching remains, and
igh resistance may persist even after 24 to 26 weeks; preg-
ancy is associated with a significantly higher risk of both
aternal (gestational hypertension, preeclampsia) and fetal
iseases (intrauterine growth restriction). Uterine artery
oppler velocimetry represents the gold standard to screen
nd to diagnose placental defects in at-risk pregnancies. In
hese pregnancies the utero-placental circulation remains in a
tate of high resistance, which may cause generalized endo-
helial cell injury, compromising vascular integrity and an
therosis-like process with consequent small-vessel occlu-
ion, local ischemia, and necrosis.59 This condition can be
oninvasively evaluated by Doppler ultrasound60: uterine ar-
ery Doppler measurements show that impedance to flow in
he uterine arteries (ie, Resistance Index or S/D ratio) de-
reases with gestational age in normal pregnancies (Fig.
1A). On the contrary, impedance to flow is increased in
stablished preeclampsia and IUGR61 (Fig. 11B). A correla-
ion between qualitative and semi-quantitative Doppler indi-
es and histological placental lesions has been consistently
eported.62-65 There have been a number of studies that have
xamined the ability of uterine artery Doppler velocimetry to
redict complications of impaired placentation.66 Most stud-

es have used uterine artery Doppler in the second trimester
howing detection rates of 80 to 90% for early onset pre-
clampsia (requiring delivery before 34 weeks), but only of
1 to 45% for preeclampsia at any gestational age, with false-
ositive rates between 5 and 7%.67 Using first-trimester
creening shows a similar trend, although overall detection
ates are lower than screening in the second trimester.68,69

etal Circulation
mbilical artery is the first and most studied vessel in obstet-

ics. Doppler study of umbilical artery is not time consuming
nd can be done with any Doppler system, with or without
he support of B-mode real-time ultrasound image. In the
ssessment of blood flow characteristics of the umbilical ar-
ery, any index (S/D ratio, Pulsatility Index, or Resistance
ndex) has been found to be accurate.60 Pulsed Doppler as-
essment of the umbilical artery blood flow in ongoing preg-
ancy is characterized by low-resistance blood flow pattern
ith high velocities in both systolic and diastolic phase of the

ardiac cycle, but this varies with gestation. End-diastolic
elocity in the umbilical artery is the result of the placental
esistance. In early normal pregnancy, when the placenta is
 341
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till a high resistance unit, decreased or absent end-diastolic
elocity are probably normal, but successful placental inva-
ion leads to falling resistance and continuous diastolic flow
n the umbilical artery Doppler by 14 to 18 weeks at the
atest70 (Fig. 12). A continuous decline in umbilical artery
esistance over gestation closely correlates with normal birth
eight, low risk of fetal distress, neonatal complications, and

onger term manifestations of placental deficiency.71 Con-
ersely, rising resistance and severity of changes in Doppler
elocimetry, with progression to the loss and eventually the
eversal of end-diastolic flow, significantly correlates with
orse perinatal outcome72 (Fig. 13). Despite this evidence,

urrent fetal surveillance and timing of delivery are primarily
ased on changes observed in the fetal heart recording
FHR). However, when FHR tracing has become abnormal,
p to 77% of IUGR fetuses are already hypoxic and aci-
emic.73

Recent technological advances in ultrasound and Doppler
maging have permitted detailed examination of fetal vessels

igure 11 Uterine artery Doppler measurements showing in (A) nor-
al waveform with Resistance Index and S/D ratio within normal

anges. (B) A blood flow profile typically present in pregnancies
omplicated by preeclampsia or IUGR: RI and S/D ratio are in-
reased and a proto-diastolic notch is well documented. (Color
ersion of figure is available online.)
ED
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F

n the peripheral and central circulations. Fetal hypoxia and
cidemia have been found to be associated with abnormal
elocimetry of the middle cerebral artery, the aorta, the infe-
ior vena cava, and the ductus venosus, demonstrating pref-
rential blood flow to the brain and myocardium, and re-
uced perfusion to the splanchnic organs.74 The increased
requency of intraventricular hemorrhage in decreased or ab-
ent end-diastolic velocity/REDV IUGR babies offers specific
vidence of the role of the brain-sparing effect.75 Worsening
ow in the umbilical artery and persistent dilatation of the
iddle cerebral artery can be defined as early stage modifi-

ations, being present 2 to 3 weeks prior to any changes in
he FHR tracing in more than 50% of IUGR fetuses.74

While arterial waveforms describe downstream resistance
n critical vascular beds, venous Doppler provides important
ata about cardiac function. Among the studied veins, the infe-
ior vena cava has a wide variation within normal fetuses,76,77

nd the umbilical vein has an irrelevant sensitivity despite a
ery specific indication of stillbirth risk, resulting in a very
ow predictive value for asphyxia, or even stillbirth.78

The ductus venosus provides a unique combination of
dvantages, being a primary regulator of venous return in
oth normal and abnormal fetuses, and being responsive to
hanges in oxygenation, independent of cardiac function.
oreover, although all studied venous vessels provide a valu-

ble correlation with fetal and neonatal morbidities, the ret-
ograde ductus venosus atrial-wave is the simplest to recog-
ize and is the best predictor of perinatal mortality, neonatal
irculatory collapse, and other critical morbidities.79

equence of Doppler
elocimetry Profile Changes in IUGR
he pathophysiology of intrauterine growth restriction has
een investigated in numerous studies that have led to the
haracterization of a specific placental phenotype leading to
educed nutrient transfer followed by placental respiratory

igure 12 Umbilical artery Doppler waveform: presence of continu-
us diastolic flow in the umbilical artery of a normal fetus. All
mpedance indices (PI, RI, and S/D ratio) decrease with gestation,
epresenting a decrease in placental vascular resistance. (Color ver-
ion of figure is available online.)
 399
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ailure and fetal hypoxemia.80,81 A temporal sequence of
vents has been described in the fetus indicating (1) reduc-
ion of growth under normoxic conditions, followed (2) by
n adaptation phase with compensatory hemodynamic
hanges, which include blood flow redistribution towards
ssential organs such as the brain, heart and adrenal gland at
he expenses of other organ systems (liver, lungs, kidneys,
owel).74 This phenomenon is the so-called “centralization”
f the fetal circulation. This compensatory phase of the dis-
ase can be recognized clinically by typical Doppler ultra-
ound findings, including a decrease in the pulsatility index
f the middle cerebral artery, a decrease in the amniotic fluid,
nd by increased echogenicity of the bowel. The duration of
his compensatory phase is variable, sometimes lasting
eeks, and appears not to have deleterious short-term con-

equences, although it is likely to be associated with changes
n fetal programming potentially associated with increased
ikelihood of long-term consequences.82 When the adapta-
ion phase with these compensatory mechanisms reach their
imit, (3) myocardial dysfunction occurs.

igure 13 Increased placental vascular resistance correlates with
orst perinatal outcome. IUGR fetuses show progressive worsening
f the waveform with a reduction (A) and the loss of end-diastolic
ow (B) until the reversal of end-diastolic flow (REDF) (C). (Color
ersion of figure is available online.)
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At this time, hemodynamic decompensation is clinically
ecognized by abnormal venous Doppler waveforms, which
re considered to reflect increased pressure in right atrium
nd/or dilatation of the DV and are often associated with
etabolic acidemia.83 Hypoxemia and acidemia have been
ell described to occur significantly only in this phase and

re associated to abnormal fetal heart rate tracings.73 Once
he disease enters this decompensatory phase, the fetus is at
igh risk of dying and of developing multisystem organ fail-
re.84

stimation of
mbilical Venous Volume Inflow
ntil recently, evaluation of the umbilical venous circulation
as evoked only limited interest in favor of the umbilical
rtery circulation. Few data have appeared on volume flow
ue to the lack of precision of components measurements,
otably cross-sectional vessel size. By means of a method that
llows accurate determination of umbilical venous cross-sec-
ional area, it has become possible to obtain a full picture of
he clinical significance of subsequent volume flow calcula-
ions in the human fetus. Umbilical venous volume flow
emonstrates no differences at the fetal, placental, or free

oop site of the umbilical cord.85 Normal mean umbilical
enous blood flow ranges between 33 ml/min at 20 weeks
nd 220 ml/min at 36 weeks, which is a sevenfold increase.54

hen calculated per kilogram fetus as shown in Fig. 14,
here is a significant decrease in normal volume blood flow
rom 117.5 � 33.6 ml/min at 20 weeks to 78.3 � 12.4

l/min at 36 weeks of gestation.
The sevenfold increase between 20 and 36 weeks in um-

ilical venous volume flow has been established under phys-
ological circumstances and is mainly determined by an in-
rease in cross-sectional vessel size, with a significant
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eduction in fetal weight-related umbilical venous volume
ow.
Fetal growth restriction is associated with significantly

ower umbilical venous volume flows, which again is mainly
etermined by a reduction in cross-sectional vessel size.54 In
his condition, umbilical artery Pulsatility Index reflecting
eto-placental downstream impedance is significantly raised
hen fetal weight-related umbilical venous volume flow is
elow the lower limit (5th centile) of the normal range com-
ared with normal values.

stimation of Uterine Artery Volume Flow
uantitative information of the utero-placental blood vol-
me flow can widely improve our knowledge on utero-pla-
ental vascularization throughout gestation. However, up to
ow, despite extensive clinical use of uterine Doppler wave-
orm analysis, only few studies have proposed methods to
uantify the blood volume flow through uterine arteries and
correlation between flow and resistance Doppler indices in

hese vessels has never been described. Our group recently
eported preliminary data of a mean uterine blood flow vol-
me of 237.8 ml/min (range, 94 to 654.5 ml/min) at mid
estation.86 These values indicate that, in normal pregnancy
t mid gestation, there is a great variability in the amount of
lood flow volume that supplies placental tissue. This uterine
ow volume redundancy seems to remain stable up to term,
ince the uterine flow volume in the third trimester is 528.9
l/min (range, 201.9 to 1471.4 ml/min) and does not seem

elated to side of placental insertion.

onclusions
ltrasound has become an invaluable tool in obstetrics that
as made possible to both clinicians and parents knowledge
f the fetus while in the mother’s womb. Fetal growth and
ell-being can be evaluated by traditional fetal biometry as-

essment performed in the second half of pregnancy. More-
ver, when deviations of fetal growth are recognized, Dopp-
er velocimetry of utero-placental and fetal vessels is utilized
n the timing of delivery. New technologies are now being
tudied to better describe fetal body composition and devel-
pment of fetal organs.
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