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Abstract
Purpose To study the relationship of imprinted gene
expression (CDKN1C , H19 , IGF2 , KCNQ1 and
PHLDA2) with human fetal growth.
Methods RNA was extracted from fetuses with intrauterine
growth restriction (IUGR) and from the controls without
growth restriction. The gene expression pattern of CDKN1C,
H19, IGF2, KCNQ1 and PHLDA2 genes was evaluated using
RT-PCR.MS-MLPAwas also performed to assess the IC1 and
IC2 DNA methylation status on chromosome 11p15.5.
Results The samples were divided according to their tissue
type in placental or fetal tissue. Within each group, IUGR
cases and controls were compared. In the IUGR cases, in both
fetal and placental tissue groups IGF2 was observed to be

down regulated. In another approach, the samples were divided
in IUGR and control groups and for each of them placental and
fetal tissue was compared. Within the IUGR group up regulation
of CDKN1C, KCNQ1, and PHLDA2 was determined in placen-
tal samples. IUGR group presented a statistically lower methyl-
ation status in both IC1 and in IC2. Regarding differences
between fetal and placental samples within this group, methyla-
tion status of placental samples was statistically significant down
regulated in the imprinting center 1 (IC1).
Conclusions Genomic imprinting is a phenomenon that plays
an important role in fetal and placental development. This
study emphasizes the importance of imprinted genes during
pregnancy. Differences between tissues could reflect different
mechanisms, either compensatory or adverse, that should be
investigated in more detail.
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Introduction

Intrauterine growth restriction (IUGR) is a condition in which a
fetus is unable to achieve its genetically determined potential size
thereby increasing its perinatal risk of morbidity and mortality.
IUGR encompasses many different maternal and fetal causes.
Concerning fetal problems, chromosomal abnormalities are one
of the major causes of growth restriction [1]. Additionally, this
phenomenon occurs due to abnormal gene expression in tissues
leading to an abnormal fetus growth.

Epigenetics has a central role in the regulation of fetal growth
and development. In particular, imprinted genes comprise a small
subset of the human genome that has been shown to be essential
to fetal, placental and behavioral development. Genomic im-
printing is characterized by an epigenetic modification in which
one allele is repressed according to the parental origin. In general,

Capsule Imprinting genes play a very important role in IUGR and
methylation or gene expression levels may identify pregnancies at high
risk of severe IUGR
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paternally expressed genes promote fetal and placental growth
while maternally expressed genes limits conceptus growth. This
is consistent with the imprinting conflict theory, which postulates
that the paternal genome maximizes extraction of maternal re-
sources for the benefit of the paternal offspring while maternal
genome limits nutrient provision acting to preserve and distribute
such resources more equally between all her potential offspring
[2–4]. Currently, there are over 90 known human imprinted
genes (www.geneimprint.com). Insulin-like growth factor 2
(IGF2) is a paternally expressed gene, which acts as a growth
factor, being associated with several pathologies such as
Beckwith-Wiedmann syndrome (BWS,OMIM: #130650), char-
acterized by an overgrowth [5, 6]. With the opposite effect,
Cyclin-dependent kinase inhibitor 1C (CDKN1C) [7], Pleckstrin
homology-like domain family A member 2 (PHLDA2) and
Potassium voltage-gated channel (KCNQ1) are imprinted genes
that tend to restrict fetal body’s weight, being associated with
restriction growth syndromes such as Silver-Russell syndrome
(SRS, OMIM: #180860) [8, 9]. All these genes are located in the
same cluster, on chromosome 11 at p15.5. Two independent
imprinting control regions or imprinting centers (IC), IC1 and
IC2, regulate its expression. IGF2 and the imprinted maternally
expressed non coding transcript (H19) are co-localized in the
IC1, which contains a methylation-sensitive chromatin insulator
that is responsible for controlling the expression of both genes.
Therefore, methylation in the IC1 of the paternal chromosome
prevents the binding of the transcription factor 11-zinc finger
protein (CTCF), resulting in H19 hyper methylation and silenc-
ing and allowing the expression of IGF2. On the other hand, in
the maternal chromosome, the lack of methylation in this region
prevents the activation of IGF2 and the presence of the CTCF
insulator facilitates H19 transcription [10].

In humans, deregulation of the IGF2/H19 imprinted region
is associated with the overgrowth and tumor predisposition-
related BWS and with SRS, mainly characterized by pre- and
post-natal growth deficiency.

IC2 is much larger and responsible for controlling
several maternally expressed genes namely CDKN1C,
KCNQ1 and PHLDA2. It also includes a non-coding
KCNQ1 overlapping transcript 1 (KCNQ1OT1) gene that
has an antisense orientation with respect to the protein-
coding gene KCNQ1. In the maternal chromosome, IC2 is
methylated, KCNQ1OT1 is not transcribed and the
flanking imprinted genes are expressed. On the paternal
chromosome the IC2 sequence itself and/or the
KCNQ1OT1 transcript mediate the silence of the several
genes of the region including the growth inhibitors
CDKN1C, PHLDA2 and KCNQ1 genes (Fig. 1a) [10–12].

Genomic DNA methylation in these ICs may exhibit sub-
stantial variation among human individuals. This epigenetic
variation might contribute either to phenotypic variation, as
well as to human disease [10, 13]. Although this subject has
been the focus of investigation recently, the role of human

imprinted genes in fetal development is not fully understood.
With this study we assessed the expression levels of five
imprinted genes (CDKN1C, H19, IGF2, KCNQ1 and
PHLDA2) in fetal and placental samples from spontaneous
abortions or fetal deaths in which IUGR was identified. Ad-
ditionally, the IC1 and IC2 methylation status on chromosome
11p15.5 in the same samples was evaluated.

Materials and methods

Tissue samples

Two groups were selected: a group with 10 fetuses with IUGR
(all of them paired samples of fetal tissue and placenta, corre-
sponding to a total of 20 samples) and a control group with 3
fetuses (from which two of them were paired samples of fetal
and placental tissue and one with only fetal tissue correspond-
ing to a total of 5 samples). The evaluation of the cause that
determined the fetal loss in both groups (control and with
IUGR) was made by the obstetricians (clinical and analytic
evaluation) and a pathologist (pathological evaluation, accord-
ing to the protocol of the Department of Anatomical Pathol-
ogy), in Centro Hospitalar de São João, Porto. A fetus was
considered as having an IUGR when its biometrical parame-
ters were below percentile 10 for gestational age. This analysis
was performed by ultrasound or by autopsy, in cases without
second trimester ultrasound. In both groups, maternal expo-
sure to cigarette smoking, toxins exposure (as drugs, medica-
tion), uterine malformations, inherited thrombophilia, pre-
eclampsia and endocrine disorders were excluded. The control
group samples were selected from cases with infections or
umbilical cord constriction. All samples had a normal karyo-
type and were obtained from fetuses in the second trimester
(gestational age between 14 and 24 weeks). The study was
approved by the Ethical Committee of Centro Hospitalar de
São João, EPE.

RNA extraction and cDNA synthesis

Selected samples were stored in RNA later at -80ºC
until use. Total RNA was extracted from samples using
1 ml of Tripure Isolation Reagent (Roche, Diagnostics,
Indianapolis, IN, USA) according to the manufacturer’s
standard protocol. Quantification and purity were deter-
mined by NanoDrop 2,000 UV–vis Spectrophotometer
(Nanodrop Technologies, Wilmington, USA). For cDNA
synthesis, 10 μg of total RNA was subjected to reverse
transcription using qScriptTM cDNA Synthesis Kit
(Quanta BioSciences, Inc., Gaithersburg, USA) follow-
ing the manufacturer’s instructions.
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Quantitative RT-PCR

RNA expression levels of five imprinted genes (CDKN1C,
H19, IGF2, KCNQ1 and PHLDA2) and one housekeeping
gene (GADPH) were analyzed by Real-Time PCR on a
StepOnePlus™ Real-Time PCR System (Life Technologies
Corporation, California, USA). Taqman® Gene Expression
Assays (Life Technologies Corporation, California, USA)
w e r e u s e d f o r e a c h t a r g e t g e n e CDKN 1 C
(Hs00175938_m1), H19 (Hs00923522_m1), IGF2
(Hs01005963_m1), KCNQ1 (Hs00923522_m1) and
PHLDA2 (Hs00169368_m1), and endogenous control
GAPDH (Hs99999905_m1). PCR reactions were performed
in a 25 μl volume containing 5 μl of cDNA, 12.5 μl of
TaqMan® Universal PCR Master Mix System (Life Technol-
ogies Corporation, California, USA), 6.25 μl of Rnase-free
water and 1.25 μl of 20× TaqMan ® Gene Expression Assay
Mix for each gene. PCR was performed in separated wells for
each reaction and each sample was run in triplicate. For each
gene, cases and controls samples were run in the same RT-
PCR plate to minimize intra-plate variations. PCR parameters
were as follows: 50 °C for 2 min, 95 °C for 10 min, followed
by 40 cycles at 95 °C for 15 s and 60 °C for 1 min. In each
plate negative controls were included.

DNA extraction and MS-MLPA

DNA extraction was performed according to the manufac-
turer’s standard protocol using the DNeasy Blood & Tissue
kit (Qiagen, Hilden, Germany).

Afterward, MS-MLPA was performed on genomic DNA
with SALSA MS-MLPA kit ME030-C1 BWS/SRS, (MRC-
Holland, Amsterdam, The Nederland’s), according to the
manufacturer’s instructions. This mix contains 42 probes, 26
of which for the region 11p.15. The methylation status of this
region can also be determined by 10 of these probes since they

contain a HhaI recognition site. In addition, further 15 probes
are added for reference.

After 16 h of hybridization at 60ºC, samples were equally
split into two aliquots. The first aliquot underwent ligation
only, whereas the second one underwent ligation followed by
enzymatic digestion with HhaI (a restriction enzyme recog-
nizing only unmethylated DNA) and PCR amplification using
universal primers. In the latter case, amplification products
were obtained and detected by capillary electrophoresis only if
the CpG included in the HhaI site was methylated and, there-
fore, not digested. Ligation, enzymatic digestion, and PCR
amplification were performed according to the manufacturer’s
instructions. PCR products (1 ml) were mixed with 0.3 ml of
internal size standard (GeneScan™ 600 LIZ; Applied
Biosystems) and 13.7 ml of deionized formamide, and
injected into 3,500 Genetic Analyzer (Life Technologies Cor-
poration, California, USA).

Data analysis

Gene expression values

The results were analysed using the validated Livak method
[14].

A mean was calculated between the 3 replicates for the
reference gene and the target gene. The value of threshold
cycle (CT) of the target gene was deducted to that of reference
(ref) or housekeeping gene, for the test samples [ΔCT
(sample) = CT (ref) – CT (target gene)]. Later, the expression
ratio was considered by calculating the normalized expression
(2-ΔCT = normalized expression ratio).

The result obtained for the target gene in the sample was
therefore normalized to the expression of a reference gene.
Normalizing the expression of the target gene to that of the
reference gene compensates for differences in the amount of
the cDNA sample.

Fig. 1 Regulation of imprinted
genes expression according to
IC1/IC2 methylation, both in
paternal (pat) and maternal (mat)
chromosomes; (a) –
Epigenotypes of normal
imprinted gene expression, (b) –
Epigenetic abnormalities often
detected in SRS patients,
representing maternalization of
IC1
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MS-MLPA

Each probe’s signal was divided by the signal of each refer-
ence probe in the sample. After, the median of these ratios was
estimated calculating the so called Normalization Constant
(NC). This value was divided by the average NC obtained in
the undigested reference samples. Values ranging from 0.65 to
1.35 were considered as having normal number copies
(diploid); a deletion was suspected for ratio less than 0.65
and duplication was suspected for ratio more than 1.35. Quan-
tification of the methylation status of a CpG site was done by
dividing the NC of each MS-MLPA probe obtained on the
digested aliquot by the NC of eachMS-MLPA probe obtained
on the corresponding undigested aliquot. To simplify the
interpretation of data, we calculated the average methylation
status obtained by the H19 and KCNQ1OT1 probes and
indicated them as IC1 and IC2 methylation index, respective-
ly. Due to the reduced number of controls in our series,
previous published data was used for the determination of
the normal methylation levels ranges, so themeanmethylation
index for normal samples was 0.52 (range 0.47–0.58) for IC2
and 0.50 (range 0.46–0.55) for IC1 [12].

Results

RT-PCR expression profile

A total of 20 cDNA samples derived from fetuses diagnosed
with IUGR and 5 cDNA samples derived from fetuses without
growth restriction (control group) were analyzed by RT-PCR
for gene expression quantification Analysis of RT-PCR was
done using two different approaches: (1) evaluation of the
differences between the IUGR group and the control group
through the analysis of fetal samples and placental samples,
independently; (2) evaluation of the differences between fetal
and placental samples within each group. The results are
summarized in Figs. 2a, b, 3a, b.

Our results showed that in both sample groups, either fetal
or placental tissue, IGF2 was down regulated in IUGR cases
(p<0.05 in both). For the other genes, no significant differ-
ences between IUGR and control cases were found in both
placental and fetal tissue group (Fig. 2a and b).

Regarding differences between tissues (fetal versus placen-
tal) both groups (IUGR and controls) were evaluated and our
results indicated that in the IUGR group, CDKN1C
(p<0.0001), KCNQ1 (p<0.0005) and PHLDA2 (p<0.0001)
gene expression was upregulated in the placenta. ForH19 and
IGF2 genes no significant differences between placental and
fetal tissue were found in the IUGR group (Fig. 3a). No
differences were found in the control group comparing fetal
versus placental tissues (Fig. 3b).

DNA methylation analysis

A total of 25 DNA samples derived from fetuses diagnosed
with IUGR (n=20) and a control group (n=5), were analyzed

2-
ΔC
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CDKN1C IGF2 KCNQ1 PHLDA2
*

H19

2-
Δ
C
t

CDKN1C IGF2 KCNQ1 PHLDA2
*

H19
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b

Fig. 2 (a) Expression levels of the studied genes in fetal tissue samples.
(b) Expression levels of the studied genes in placenta samples. cDNA
expression was normalized using a housekeeping gene (GAPDH). Error
bars represent standard error of the mean (SEM). Significant differences
between groups are represented as: * p<0,05. The data was analysed by
Mann–Whitney–Wilcoxon test. To further analysis, the mean, the stan-
dard deviation (SD) and the SEM of the respective groups are presented
in Table 2 (supplementary material). IUGR – Intrauterine Growth
Restriction
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to evaluate the methylation status. The results are summarized
in Table 1. No copy number alterations were found.

Four out of 20 samples with IUGR presented a normal
methylation status in the IC1, 13 out of 20 had IC1 hypo
methylation and 3 out of 20 had IC1 hyper methylated. In the
control group one sample out of 5 presented a normal meth-
ylation status in the IC1, and 4 out of 5 had IC1 hyper
methylated.

Regarding IC2 in the IUGR group, a normal methylation
status was detected in 11 out of 20 samples, 8 out of 20 had
IC2 hypo methylation and 1 out of 20 had IC2 hyper methyl-
ation. In the control group 1 out of 5 had a normal methylation
status and the other 4 out of 5 had IC2 hypo methylation.

A comparison between the IUGR group and control group
was made for IC1 and IC2 methylation status (Fig. 4a). The
IUGR group presented a statistical lower methylation status in
both IC1 (p<0.01) and in IC2 (p<0.0005).

Regarding differences between fetal and placental samples
within each group (IUGR and control group) no statistical
differences were observed in the control group, neither IC1
nor IC2 (Fig. 4b). In the IUGR cases, placental samples
methylation status was statistically down regulated in the
IC1 (p<0.01) (Fig. 4c).

Discussion

IUGR comprises one of the leading obstetric complications,
suggesting the presence of a pathophysiologic process occur-
ring in utero that is responsible for fetal growth inhibition. Its
regulation involves multiple factors with complex mecha-
nisms. In order to better elucidate this process we have studied
five imprinted genes, CDKN1C, H19, IGF2, KCNQ1 and
PHLDA2, since they play an important role in this biological
process. Therefore, mRNA expression of these imprinted
genes in IUGR and controls cases was analyzed.

The results from the mRNA expression studies showed that
IGF2 gene levels were down regulated in the IUGR group,
both in fetal and placental samples. The expression profiles of
the other genes evaluated showed no statistically significant
differences in fetal and placental samples.

The majority of reports have focused on evaluation of the
expression level change in the placenta in association with
intrauterine growth defects. In spite of some conflicting evi-
dence regarding down regulation levels in the placenta of
IUGR, the majority of authors describe decreased expression
in association with intrauterine growth restriction [15–18].
Sibley et al. reported down regulation of IGF2 in cases with
IUGR placenta versus normal term placenta, albeit with great-
er case-to-case variability. In mouse, mutations in Igf2 gene
lead to IUGR [19]. IGF2 is considered the major fetal growth
factor that regulates fetal/placental growth by stimulating
trophoblastic migration and invasion. It also regulates diffu-
sional exchange characteristics of the placenta. Although,
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KCNQ1 PHLDA2
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H19
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Fig. 3 (a) Expression levels of the studied genes in the growth restriction
group. (b) Expression levels of the studied genes in the control group. cDNA
expression was normalized using a housekeeping gene (GAPDH). Error bars
represent standard error of the mean (SEM). Significant differences between
groups are represented as: *** p<0,0005; **** p<0,0001. In Fig. 3a the
H19, IGF2 and PHLDA2 data was analysed by Mann–Whitney–Wilcoxon
test. The CDKN1C and KCNQ1 data was analysed by Student’s t-test. In
Fig. 3b data was analysed by Student’s t-test. To further analysis, the mean,
the standard deviation (SD) and the SEM of the respective groups are
presented in Table 2 (supplementary material). FT – Fetal tissue
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intrauterine growth restriction is an extremely complex phe-
nomenon, other genes and processes could contribute for this
particular condition [2]. Nevertheless, the biological implica-
tions of these differences should be tested in larger series.

In this study, we found statistical differences between
the IUGR cases and the control cases in placental tissue
samples for CDKN1C and PHLDA2 genes. In a previous
study performed by our group, we observed an increase in
the PHLDA2 gene expression levels associated with spon-
taneous abortions, in the first trimester, and with IUGR in
second trimester, although not statistically significant [20].
It is important to stress that it has also been suggested that
the PHLDA2 gene may have a more profound effect on
the placenta at early gestational ages when the placenta is
more active, which is also in accordance with our previ-
ous report [18, 20]. On the other hand, we found up
regulation of these genes, and also for KCNQ1, that are
all maternally expressed, in the placenta in comparison
with fetal tissue, in the IUGR group. Fetal growth is a
complex, dynamic process dependent on the balanced
interactions between mother, placenta and fetus. The role
of IUGR may be more complex since altered expressions
of imprinted genes in the IUGR-associated placenta can be
interpreted as causative or protective of fetal growth, some
acting to reduce fetal growth, resulting in IUGR (negative
effectors), while others may act to enhance fetal growth in
a compensatory manner to rescue a pathogenically restrict-
ed fetus (positive effectors) [21]. The question if the
observed changes in the gene expression in the different
tissues, namely fetal versus placental tissue, are compen-
satory or adverse mechanisms underlying pathology,
should be the subject of additional studies.

Additionally to the determination of the mRNA ex-
pression levels, the study of the IC1 and IC2 methyla-
tion status was carried out in order to evaluate if alter-
ation in the regulation in these imprinting centres could
be related with the IUGR.

H19 and IGF2 share common enhancers located down-
stream of H19. IC1 prevents IGF2 expression from the ma-
ternal allele but allows its expression from the paternal allele,
due to the DNA methylation mark at IC1. This epigenetic
mark is extended to the H19 promoter on the paternal allele,

restrictingH19 expression to the maternal chromosome. Sixty
percent of SRS cases are associated with loss of DNA meth-
ylation (LOM) from the paternal IC1 allele [8]. This defect
represents a maternalization of IC1; this means that the meth-
ylated paternal allele acquires a maternal epigenotype (Fig. 1a
and b). Consequently, it is expected a decrease of IGF2
expression and/or an increase in H19 expression and this
may be associated with growth restriction, which is one of
the main characteristics of the SRS phenotype. The same
molecular defect can be applied to IUGR cases.

Our results showed that 65 % of the cases with IUGR were
hypo methylated in IC1. This means that IC1 hypo methyla-
tion could be one of the possible explanations for the fetal
growth restriction. A previous report in mice showed a posi-
tive correlation between bacterial infection and IC1 hyper
methylation, however in this report the investigators also
found a down regulation in the Igf2 expression. Thus, this
cause-effect in Igf2 expression remains to be corroborated
[22]. It is also important to stress that we also found IC1 hyper
methylation in the control group, however, IGF2 expression
levels were not down regulated.

Several studies revealed IC1/IC2 epimutations in patients
with SRS. In one study MS-MLPA performed in peripheral
blood from three patients referred as SRS revealed hypo
methylation in both IC1 and IC2 but, when the study was
performed using buccal cells, only hypo methylation of the
IC1 could be confirmed [23], suggesting that different tissues
can have different methylations ranges. This is also corrobo-
rated by our results that show statistically significant differ-
ences between placental and fetal tissue for IC1 in IUGR
group. In the future, it will be important not only to enlarge
our series of IUGR cases but also to extend the study to the
third trimester of pregnancy.

In the present study, hypo methylation of IC2 was also
observed for 40% of the samples. Previously, Begemann et al.
and Azzi et al. found that 3.8 and 4.05% of SRS cases had IC2
hypo methylation, respectively [23, 24]. The specific reason
for the development of IUGR is not clear, nevertheless mosa-
icism could explain variability, and the loss of paternal or
maternal methylation marks could probably not only be at-
tributed to a deficient acquisition of methylation during ga-
metogenesis but be consistent with an incorrect maintenance

Table 1 Summary of MS-MLPA
methylation analysis Methylation status IC1 Nº Samples (M±SD) IC2 Nº Samples (M±SD)

Growth restriction Normal 4 (51.9±1.7) 11 (51.4±3.3)

Hypomethylated 13 (37.5±4.5) 8 (40.4±7.7)

Hypermethylated 3 (60.0±5.7) 1 (58.2)

Controls Normal 1 (51.6) 1 (56.3)

Hypomethylated 0 (0) 0 (0)

Hypermethylated 4 (56.0±0.4) 4 (62.6±4.6)
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of methylation after fertilization. The majority of studies per-
formed to evaluate the levels of IC1 and IC2 methylation
using MS-MLPA were performed in cases of patients with
imprinting disorders, namely SRS or BWS. This is the first
study performed in spontaneous abortions cases with IUGR
and could reflect more severe cases with extreme methylation
variations. Once again, it is important to stress that, so far, it is
not possible to exclude that the different methylation levels
observed in aborted fetus and placentas were not a cause but a
consequence of aberrant development.

In conclusion, several factors can affect fetal growth as
maternal nutritional status, diet and exposure to environmental
factors. This leads to an alteration in nutrient availability to the
fetus and to a modulation of placental gene expression [15].
Imprinted genes can be responsible for IUGR, but additional
other non-imprinted genes may also be involved [2].

Since the majority of the studies conducted to date was
restricted to the evaluation of the expression level of different
imprinted genes in the placenta in cases with IUGR, the
present study it is of major importance because differences
between tissues could reflect different mechanisms, either
compensatory or adverse, that should be investigated in more
detail.

It would be interesting to compare our data from the second
trimester with data from the third trimester and assess whether
there are differences throughout gestation.

More research is needed in this field, because there is not
much knowledge about imprinting gene regulation, as well as
their proper role in placental and human fetal growth. The
possibility of the early determination of differences in the
methylation ranges (i.e. hypo methylation of IC1 using MS-
MLPA) can be used to identify pregnancies with higher risk of
severe IUGR.
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