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Abstract

Objectives

To determine whether fetuses that slow in growth but are then born appropriate for gesta-

tional age (AGA, birthweight >10th centile) demonstrate ultrasound and clinical evidence of

placental insufficiency.

Methods

Prospective longitudinal study of 48 pregnancies reaching term and a birthweight >10th cen-

tile. We estimated fetal weight by ultrasound at 28 and 36 weeks, and recorded birthweight

to determine the relative change in customised weight across two timepoints: 28–36 weeks

and 28 weeks-birth. The relative change in weight centiles were correlated with fetoplacen-

tal Doppler findings performed at 36 weeks. We also examined whether a decline in growth

trajectory in fetuses born AGA was associated with operative deliveries performed for sus-

pected intrapartum compromise.

Results

The middle cerebral artery pulsatility index (MCA-PI) showed a linear association with fetal

growth trajectory. Lower MCA-PI readings (reflecting greater diversion of blood supply to

the brain) were significantly associated with a decline in fetal growth, both between 28–36

weeks (p = 0.02), and 28 weeks-birth (p = 0.0002). The MCA-PI at 36 weeks was signifi-

cantly higher among those with a relative weight centile fall <20%, compared to those with a

moderate centile fall of 20–30% (mean MCA-PI 1.94 vs 1.61; p<0.05), or severe centile fall

of >30% (mean MCA-PI 1.94 vs 1.56; p<0.01). Of 43 who labored, operative delivery for

suspected intrapartum fetal compromise was required in 12 cases; 9/18 (50%) cases where

growth slowed, and 3/25 (12%) where growth trajectory was maintained (p = 0.01).
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Conclusions

Slowing in growth across the third trimester among fetuses subsequently born AGA was

associated with ultrasound and clinical features of placental insufficiency. Such fetuses

may represent an under-recognised cohort at increased risk of stillbirth.

Introduction
Fetal growth restriction is often caused by placental insufficiency and strongly associated with
an elevated stillbirth risk. Of three million stillbirths occurring globally each year, over half are
growth restricted. While congenital infection, chromosomal or structural abnormalities are
implicated in some small for gestational age (SGA; birthweight<10th centile) stillbirths, the
majority of these are normally formed. Being SGA is associated with a four-fold increase in
stillbirth risk compared to fetuses born appropriate for gestational age (AGA; birthweight
>10th centile) [1, 2]. Fetuses not recognised to be small during pregnancy are at even higher
risk, with undetected fetal growth restriction associated with a further doubling of stillbirth risk
[2, 3]. The population attributable risk (PAR) of fetal growth restriction to normally formed
stillbirths is estimated at 22.2% overall, rising from 6.2% to 32% among those fetuses where
FGR was detected, vs undetected, prior to birth [2]. Accordingly, improved detection of fetal
growth restriction (FGR) has been identified as one of the top ten interventions needed to
reduce the global burden of stillbirth [4].

However, it is plausible that placental insufficiency placing fetuses at increased risk of still-
birth is not restricted to those born SGA. Notably, nearly half of normally formed stillbirths are
reported to be AGA. We hypothesise there may be a subgroup of AGA fetuses with placental
insufficiency who display slowing of fetal growth trajectory while in utero, but do not end up
with a birthweight<10th centile at term, thus not classed as SGA. Such a cohort that has
declined in weight centiles in late pregnancy may be an important under-recognised group
with sub-optimal placental function, and at increased risk of stillbirth.

We undertook a prospective study to examine whether a decrease in growth trajectory in
fetuses subsequently born AGA is associated with ultrasound and clinical features of placental
insufficiency. To obtain ultrasound evidence of placental insufficiency, we measured the mid-
dle cerebral artery pulsatility index (MCA-PI) at 36 weeks. The MCA-PI is decreased when the
fetus is faced with placental insufficiency and has actively responded to this relative hypoxia by
redistributing blood flow to the brain [5]. This measure of adaptive fetal behaviour was consid-
ered the best available ultrasound parameter of placental insufficiency in near term fetuses as,
(i) it has moderate predictive accuracy for acidosis in term SGA fetuses, where its use is recom-
mended to assist with timing of delivery [6], and (ii) cerebral redistribution has been shown to
correlate with development of fetal compromise in labour among both SGA and AGA term
fetuses [7]. We also measured the umbilical artery Doppler waveforms in order to calculate the
cerebroplacental ratio (CPR).

Fetuses that are growth restricted have less fetal reserve and are more likely to experience
compromise under the hypoxic challenge of labour, prompting intervention [8]. Thus, we
chose development of intrapartum fetal compromise as the clinical parametermost suggestive
of placental insufficiency. We examined whether a slowing in growth across the third trimester
among fetuses born AGA is associated with an increased risk of requiring an operative delivery
for non-reassuring fetal status.
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Methods
We performed a prospective longitudinal study to assess fetal growth trajectory in women with
uncomplicated singleton pregnancies where gestational age was established from a first trimes-
ter ultrasound and following a normal mid-trimester morphology assessment. Women were
invited to participate in the study at 28 weeks’ gestation, on the day of presentation for a glu-
cose tolerance test to screen for gestational diabetes. We performed an ultrasound to assess
fetal growth, performed Doppler ultrasound of fetal vessels and measured the amniotic fluid
index at 28 and 36 weeks’ gestation. We also collected information on delivery outcomes after
they had birthed.

The study was designed to investigate whether fetuses that are AGA at term, but slow in
growth trajectory show increased evidence of placental insufficiency. Hence, the inclusion crite-
ria was confined to normally formed fetuses born at term (after 37 weeks gestation) with a cus-
tomised birthweight greater than the 10th centile. Clinicians were notified and women excluded
from further participation in the study if the estimated fetal weight was found to be<10th cen-
tile, amniotic fluid index<5th centile or the umbilical artery pulsatility index was>95th centile
at either ultrasound assessment. For the remaining women, management was left to the discre-
tion of the patient’s clinical team, who were blinded to the fetal customized centile at both
timepoints. This protocol was approved by the Mercy Health Research Ethics Committee in
March 2011, Ethics Approval Number R11/04. Written informed consent was obtained from
all participants.

Ultrasound assessment of fetal size and growth
Ultrasound examinations were performed by a single experienced operator at 28 weeks and 36
weeks, using a General Electric Voluson 730 (GE Medical Systems, Zipf, Austria) equipped
with a 2-7-MHz linear curved-array transducer. The Estimated Fetal Weight (EFW) was
derived from standard biometric planes, and a customised weight centile for gestational age was
created using the Australian dataset of the GROW software [9] (www.gestation.net), thus creat-
ing a customised weight centile for each fetus at three time points; 28 weeks, 36 weeks and at
birth. Customised standards were chosen over birthweight standards for this study, given the
stronger association with adverse perinatal outcomes attributable to placental insufficiency [10,
11]. The GROW software generates a ‘term optimal weight’ based on an optimised fetal weight
standard, with adjustment for non pathological factors affecting birthweight, including mater-
nal height, weight, ethnicity, parity and fetal gender. Coefficients for the Australian dataset of
GROW were informed by a local dataset; the multiple regression model has a constant to
which weight is added or subtracted for each of the variables, maternal height, weight, ethnic-
ity, parity and fetal gender.

Ultrasound Doppler assessment
Transabdominal colour Doppler examination was used to visualize the umbilical artery (in a
free loop away from abdominal or placental cord insertion sites) and middle cerebral artery
(in an axial section, with the middle cerebral artery identified overlying the anterior wing
of the sphenoid bone near the base of the skull). The UA-PI and MCA-PI measurements
were taken during a period of fetal inactivity and apnoea with an angle of insonation as close
as possible to zero. Measurements were taken in triplicate and the mean value used, and plot-
ted against reference data [12, 13]. The CPR was calculated as the MCA-PI divided by the
UA-PI.
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Birthing outcome data
Delivery outcomes and neonatal data were reviewed by a single clinician, blinded to the previ-
ous ultrasound results. Among women who underwent labour, the indication for operative
delivery was reviewed by two investigators. The diagnosis of intrapartum fetal compromise was
based on the obstetrician’s documentation regarding abnormal fetal heart rate patterns, abnor-
mal intrapartum fetal blood sampling or both.

Assessment of fetal growth trajectory
Following delivery, the customised weight centile for each fetus at the three time points was
used to calculate the change in weight centile across two time periods (1) between 28 and 36
weeks, and (2) between 28 weeks and birth, by subtracting the customised fetal weight centile
generated at the later assessment from the one generated earlier (see Fig 1a and 1b). Hence a
‘negative’ customised centile change reflects a fall in growth across the two time points, whereas
a ‘positive’ customized centile change reflects an increase in growth trajectory. The change in
customised weight centile was then examined in relation to (1) Doppler findings at the final
ultrasound examination prior to birth (36 weeks gestation), and (2) the need for emergency
delivery (operative vaginal delivery or emergency caesarean section) for suspected intrapartum
fetal compromise.

Data analysis was performed using the GraphPad Prism 5 software (Graph Pad Software,
Inc., San Diego, CA, USA). To examine the relationship between slowing growth and cerebral
vasodilation, the change in customised centile was correlated with the Doppler parameters per-
formed at the final ultrasound examination. This was done firstly, with linear regression, and
then by grouping the fall in customised centile between 28 weeks and birth as follows; Group 1:
those with an increase in customised centile, no change in customised centile, or a centile fall
of<20% between 28 weeks and birth (the ‘maintained growth’ group); Group 2: those with a
centile fall of between 20 and 30% (‘moderate decline in growth trajectory’ group); Group 3:
those with a centile fall of>30% (‘severe decline in growth trajectory’ group). These thresholds
were chosen recognizing that ultrasound error in generating fetal weight assessment may be as
high as 10–15%. We wished to ensure the change in customised centile was sufficient to allow
for ‘worst case’ error in either direction at both scans (ie. 20–30%), so minimising the chances
of a false positive for ‘slowing growth’. This analysis was performed using ANOVA, with Bon-
ferroni’s multiple comparison test. To examine the relationship between slowing growth and
emergency delivery for intrapartum fetal compromise, receiver operating curves (ROC) were
generated, comparing the area under the curve (AUC) of birthweight alone with change in cus-
tomized centile between 28–36 weeks, and 28 weeks-birth for predicting emergency delivery
for suspected fetal compromise. The predictive performance at varying growth trajectory
thresholds was compared and the optimal threshold at each time point assessed using Fisher’s
exact test.

Results
52 women agreed to participate in the study and completed both ultrasound examinations. 48
had an AGA fetus at both ultrasound assessments and delivered an infant at term with custom-
ised birthweight>10th centile and were included in the study. Of the 4 women we excluded, 2
delivered preterm and 2 delivered a fetus<10th centile.

The mean (SD) age of the 48 participants was 30.9 (4.7) and body mass index was 23.9 (3.5)
kg/m2. 30/48 (63%) were nulliparous. The mean (SD) customised centile was 64th centile (23.6)
at 28 weeks, 66th centile (26.5) at 36 weeks and 53rd centile (23.7) at birth. When categorised
according to centile change between 28 weeks and birth, 30/48 (63%)maintained growth
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trajectory, 8/48 (17%) had amoderate decline in growth and 10/48 (21%) had a severe decline in
growth. The demographic and obstetric characteristics for these 3 groups are summarised in
Table 1. The birth outcomes for this cohort were consistent with our institution’s data for the
corresponding time period (caesarean section rate 32%, induction of labour rate 34% and oper-
ative vaginal delivery rate 21%).

Doppler parameters according to fetal growth in late pregnancy
We plotted the MCA-PI obtained at 36 weeks gestation with the relative change in customised
weight centiles between 28 and 36 weeks (Fig 2a) and between 28 weeks and birth (Fig 2b). A
significant correlation was seen between a reduced MCA-PI (suggesting centralisation of blood
flow to the brain in response to placental insufficiency) and a decline in fetal growth trajectory

Fig 1. The change in customised centile between 28 weeks and 36 weeks (A) and 28 weeks and birth (B) was calculated as the later fetal weight
centile minus the earlier fetal weight centile. A fetus slowing in growth will thus have a negative number to describe their weight centile change; a fetus
thatmaintains growthwill have a change of zero, and a fetus with an increase in growthwill have a positive number to describe weight centile change.

doi:10.1371/journal.pone.0142788.g001

Fetal Growth and Placental Insufficiency

PLOS ONE | DOI:10.1371/journal.pone.0142788 January 5, 2016 5 / 13



across both time epochs: between 28 weeks-36 weeks (p = 0.02) and 28 weeks-birth
(p = 0.0002). Slowing of fetal growth between 28 weeks-birth was also associated with lower
CPR at 36 weeks (p = 0.007), but this association was not seen for the change in customised
centile between 28–36 weeks (p = 0.22) (Fig 2c and 2d). The UA-PI was not associated with
change in customised centile across either time period (Fig 2e and 2f).

When compared to fetuses whomaintained growth trajectory between 28 weeks and birth
(n = 30), fetuses who hadmoderate decline in growth (n = 8) had a lower MCA-PI: mean
(SEM) MCA-PI 1.94 (0.0.6) for maintained growth versus mean (SEM) MCA-PI 1.61 (0.08)
for moderate decline in growth, p = 0.017. The MCA-PI was lower again among those with a
severe decline in growth (n = 10): mean (SEM) MCA-PI 1.94 (0.06) for maintained growth ver-
sus mean (SEM) MCA-PI 1.56 (0.05) for severe decline in growth, p = 0.002 (Fig 3a).

This trend was also seen when examining the CPR, which was lower among those that dem-
onstrated amoderate decline in growth between 28 weeks and birth compared to those that
maintained growth, and was significantly lower among those that had a severe decline in
growth; mean (SEM) CPR 2.21 (0.08) for maintained growth versus mean (SEM) 1.83 (0.06)
for severe decline in growth, p = 0.02 (Fig 3b). There was no significant association with the fall
in customised centile between 28 weeks-birth and the UA-PI (Fig 3c).

Table 1. Patient demographic and delivery details according to change in growth centile.

Maintained Growth Moderate decline Severe decline
(<20% fall in centile between 28
weeks and birth; n = 30)

(20–30% fall in centile between
28 weeks and birth; n = 8)

(>30% fall in centile between 28
weeks and birth; n = 10)

Maternal age 29.6 (4.4) 34 (4.3) 32.4 (4.6)

BMI 23.9 (3.8) 23.9 (2.4) 23.8 (3.9)

Nulliparous 18 (60%) 4 (50%) 8 (80%)

Ethnicity

Caucasian 18 (60%) 4 (50%) 5 (50%)

Asian 10 (33%) 1 (13%) 3 (30%)

Other 2 (7%) 3 (37%) 2 (20%)

Obstetric Complications

Hypertensive Disorders of Pregnancy:
n = 3 (6.3%)

2 (7%) 1 (13%) 0

Gestational Diabetes: n = 4 (8%) 2 (7%) 1 (13%) 1 (10%)

Birthing Data

Induction of labour (IOL): n = 19 (39%) 11 (37%) 3 (37%) 5 (50%)

Indication for IOL: (1) PPROM 1 1 3

(1)Hypertension in Pregnancy 2 0 0

(2)Gestational Diabetes 2 1 1

(3)Maternal Disease 0 1 1

(4)Fetal Compromise/ FGR 3 0 0

(5)Spurious labour/other 3 0 0

Elective Caesarean Section (CS); n = 5
(10.5%)

5 (17%) 0 0

Emergency CS (fetal compromise or
dystocia; n = 5 (10.5%)

1 (3%) 2 (25%) 2 (20%)

Operative vaginal delivery (fetal
compromise/ dystocia:n = 10 (21%)

4 (13%) 3 (38%) 3 (30%)

Data presented as mean (SD), or number (%).

doi:10.1371/journal.pone.0142788.t001
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Birthing outcomes according to fetal growth in late pregnancy
We next sought to obtain evidence that a slowing of fetal growth trajectory may be associated
with clinical evidence of placental insufficiency. It is established that fetuses that are growth
restricted due to placental insufficiency tolerate labour more poorly and have a higher inci-
dence of operative intervention arising from non-reassuring fetal status [8]. Therefore, we
examined whether AGA fetuses that have demonstrated slowing of growth across the third tri-
mester have an increased incidence of operative delivery for suspected intrapartum fetal com-
promise, compared to those who maintained growth trajectory.

Fig 2. Doppler assessments performed at 36 weeks according to change in weight centile.MCA-PI according to weight centile change between the
ultrasound performed at 28 weeks and 36 weeks (2a) MCA-PI according to weight centile change between the ultrasound performed at 28 weeks and birth
(2b). CPR according to weight centile change between the ultrasound performed at 28 weeks and 36 weeks (2c) CPR according to weight centile change
between the ultrasound performed at 28 weeks and birth (2d); UA-PI according to weight centile change between the ultrasound performed at 28 weeks and
36 weeks (2e) UA-PI according to weight centile change between the ultrasound performed at 28 weeks and birth (2f). * 5th, 50th and 95th centile for Middle
Cerebral Artery Pulsatility Index and Cerebroplacental Ratio at 36 weeks gestation (12); ** 5th, 50th and 95th centile for Umbilical Artery Pulsatility Index at 36
weeks gestation (13).

doi:10.1371/journal.pone.0142788.g002
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Fig 3. Doppler assessments performed at 36 weeks according to change in fetal growth centile by
categories; (i) <20% fall in customised centile between 28 week ultrasound and birth (n = 30), (ii) 20–
30% fall in customised centile between 28 week ultrasound and birth (n = 9), (iii) >30% fall in
customised centile between 28 week ultrasound and birth (n = 9) for MCA-PI (Fig 3a), CPR (Fig 3b) and
UA-PI (Fig 3c).

doi:10.1371/journal.pone.0142788.g003
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Of the 48 participants, 5 (9.6%) underwent elective caesarean section and 43 (89.6%) under-
went labor. Of these, 12/ 43 (28%) required operative delivery (ventouse, forceps or emergency
caesarean section) for suspected intrapartum fetal compromise. The change in fetal weight cen-
tile, both between 28–36 weeks and 28 weeks-birth was compared to birthweight centile alone
for predicting operative delivery for suspected intrapartum fetal compromise. Fig 4 provides
ROC curves for the performance of birthweight centile (Fig 4a), changing weight centile
between 28–36 weeks (Fig 4b), and changing weight centile between 28 weeks and birth (Fig
4c) for the outcome of operative delivery for suspected intrapartum fetal compromise. The area
under the curve (AUC), both for change in centile between 28 and 36 weeks (AUC 0.76), and
28 weeks and birth (AUC 0.72), was significantly higher than for birthweight centile (AUC
0.49), p<0.01 and p = 0.02, respectively.

For slowing growth between 28 and 36 weeks, the optimal threshold for predicting intrapar-
tum compromise was a fall in fetal weight centile of� 10, occurring in 8/14 with slowing
growth, compared to 4/29 with maintained growth (p = 0.009; sensitivity 57%, specificity 86%,
PPV 67% and NPV 81%). For slowing growth between 28 weeks and birth, the optimal thresh-
old for predicting intrapartum compromise was a fall in fetal weight centile of� 20 (ie. Group
2 and 3 combined) occurring in 9/18 (50%) with slowing growth, compared to 3/25 (12%) cases
withmaintained growth (p = 0.01; sensitivity 50%, specificity 88%, PPV 75%, NPV 71%). S1
Table summarises the test characteristics by varying thresholds across both time epochs.

Cord pH is not routinely collected at all deliveries in our hospital, but was obtained as often
as possible for study participants. This was available for 29/48 (69%) women in this study. The
incidence of cord pH� 7.2 was 4/17 (24%) among those with maintained growth from 28
weeks-birth, 2/5 (40%) among those with a moderate decline in growth, and 2/7 (33%) among
those with a severe decline in growth, a trend that was not statistically significant (p = 0.61).

Discussion
We have performed a prospective longitudinal study and have obtained both ultrasound and
clinical evidence suggesting that AGA fetuses who demonstrate slowing of growth in late preg-
nancy may be experiencing placental insufficiency. We have observed a significant continuous
relationship between a fall in fetal growth centile across the third trimester and falling cerebral
vascular resistance. Despite the modest regression coefficients, the stepwise fall in MCA-PI
among those with slowing growth compared to those that maintained growth velocity suggests
that such growth decrements may not be benign, and result in subtle but significant changes in
adaptive fetal physiology. These associations were seen for both the MCA-PI and cerebropla-
cental ratio. Although few measurements were under the 5th centile, this finding is consistent
with other reports in unselected populations which have found this dichotomous threshold
performs poorly [14], while a composite score incorporating Doppler centiles performs better
[7], as a predictor of adverse outcomes due to presumed placental insufficiency. In addition to
more cerebral vasodilation, we observed that fetuses with slowing of growth in late pregnancy
were more likely to become compromised when faced with the hypoxic challenge of labour, a
hallmark of pregnancies with FGR due to placental insufficiency [8, 15, 16]. This study suggests
that vigilance for late fetal growth slowing- right up until the time of delivery- may be impor-
tant. While the small numbers mean these findings must be interpreted with caution, the pre-
dictive performance of fetal growth trajectory for intrapartum fetal compromise is encouraging
and warrants further investigation.

That fetal growth slowing in those otherwise born AGA is associated with features of pla-
cental insufficiency is perhaps not surprising. In the face of placental insufficiency, fetal growth
slows, but whether the birthweight reaches< 10th centile is likely to depend upon the starting
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fetal weight centile, the trajectory of the relative slowing in growth and gestational age at deliv-
ery. Previous studies have reported that slowing of fetal growth is associated with increased
risks of adverse perinatal outcome. These found a decline in growth trajectory was associated
with emergency delivery for fetal distress, umbilical artery cord pH<7.1 and admission to

Fig 4. Receiver-operating curves for the outcome of operative delivery (emergency CS or operative
vaginal delivery) for suspected fetal compromise among those who underwent labour (n = 12/43)
using customised birthweight centile (Fig 4a), change in fetal weight centile between 28–36 weeks
(Fig 4b) and change in fetal weight centile between 28 weeks-birth (Fig 4c).

doi:10.1371/journal.pone.0142788.g004
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neonatal intensive care [17–21]. However, these previous studies included cases of SGA, where
the birthweight was<10th centile at delivery. We deliberately examined a cohort that was
exclusively AGA at birth. Our findings are consistent with several large population based
cohorts reporting the lowest risk of perinatal death in infants with birthweight between the
75th and 90th centile. The stepwise increase in perinatal death with falling birthweight centile
may be partly explained by placental insufficiency causing slowing of growth, even among
those AGA at birth [22].

The implication from this study is that fetuses that slow in growth in utero, but are born
AGA (and not classed as growth restricted) may represent a population at increased risk of
adverse fetal outcomes, including stillbirth. It is possible such cases may benefit from increased
fetal surveillance in late pregnancy and in labour, and it may even be prudent to offer induction
at term. It is premature to introduce such fetal surveillance into the clinic, but we believe our
data has identified an under-appreciated ‘at risk’ cohort that merits further prospective investi-
gation in large and appropriately powered cohorts. Epidemiologically, it could be argued that
identifying ‘at risk’ AGA fetuses in pregnancy is even more important than identifying those
fetuses that are SGA: a recent study involving over 6,000 infants confirmed that- while the inci-
dence of adverse perinatal outcomes is higher in SGA than AGA fetuses- the majority of
adverse perinatal outcomes (including stillbirth, low cord pH, emergency caesarean delivery
for fetal distress in labour and neonatal intensive care unit admission) occur among those
AGA [14]. It is an exciting possibility that better identification of AGA feuses at risk would
enable improved surveillance and timely delivery, resulting in a similar reduction in stillbirth
risk to that observed with antenatal detection of SGA [2].

The correlations observed between the fall in fetal growth centile and the MCA-PI and cere-
broplacental ratio measured at 36 weeks were not observed for the UA-PI. This is not unex-
pected; while umbilical artery Doppler has an established place in the management of high risk
pregnancies [23], and early onset FGR [24], adverse events due to FGR in late pregnancy are
rarely associated with reduced umbilical artery flow [5]. However, centralisation of the fetal cir-
culation is associated with an increased risk of adverse perinatal outcome in late preterm and
term FGR [25–30], and this study adds to the growing evidence surrounding the role of cere-
bral dopplers in late pregnancy among the apparently well grown [7, 14, 31].

Despite the limitation of small numbers, our study had a number of strengths. It was pro-
spective in design and included longitudinal recording of fetal growth by one experienced oper-
ator in an otherwise low risk cohort. We reported fetal weight centile using a customised
intrauterine fetal growth curve [9], rather than using population, or live birthweight, centiles.
Population charts will inevitably report a higher weight centile for preterm fetuses still in utero,
since these fetuses are being compared to delivered newborns, a cohort subject to a range of
pathologies that impair growth. In assessing fetal growth trajectory, it is important to use an
appropriate in utero comparator, since many fetuses will appear to slow in their growth if using
population birthweight centiles as a reference standard. A limitation of this study is the rela-
tively small sample size and that we were unable to obtain placental histology, or umbilical
cord pH on all cases that had laboured.

Conclusion
Slowing of fetal growth trajectory in AGA fetuses may be an important indicator of placental
insufficiency, providing a potential explanation for a portion of stillbirths occurring in the
AGA population. If confirmed, evaluation of growth trajectory may usefully add to the assess-
ments of placental reserve and fetal well-being currently employed in an attempt to decrease
the incidence of late pregnancy stillbirth.

Fetal Growth and Placental Insufficiency

PLOS ONE | DOI:10.1371/journal.pone.0142788 January 5, 2016 11 / 13



Supporting Information
S1 Dataset. Minimal summary dataset for the cohort.
(XLS)

S1 Table. Predictive test characteristics of changing centile as a predictor of operative deliv-
ery (Em CS or OVD) for suspected intrapartum fetal compromise; n = 12/43.
(DOCX)

Acknowledgments
The authors wish to thank the patients and clinicians who assisted with recruitment to this
study

Author Contributions
Conceived and designed the experiments: SW NB CW ST SM. Performed the experiments: NB
SW. Analyzed the data: ST NB CW SW AU. Contributed reagents/materials/analysis tools:
AU. Wrote the paper: NB CW ST AU SM SW.

References
1. Vashevnik S, Walker SP, Permezel M. Stillbirths and neonatal deaths inappropriate, small and large

birthweight for gestational age fetuses. Aust N Z J Obstet Gynaecol 2007; 47(4): 302–306. PMID:
17627685

2. Gardosi J, Madurasinghe V, Williams M, Malik A, Francis A. Maternal and fetal risk factors for stillbirth:
population based study. BMJ. 2013; 346: f108. doi: 10.1136/bmj.f108 PMID: 23349424

3. Lindqvist PG, Molin J. Does antenatal identification of small-for-gestational age fetuses significantly
improve their outcome? Ultrasound Obstet Gynecol. 2005 Mar; 25(3):258–64. PMID: 15717289

4. Bhutta ZA, Yakoob MY, Lawn JE, Rizvi A, Friberg IK, Weissman E, et al. Lancet’s Stillbirths Series
steering committee. Stillbirths: what difference can we make and at what cost? Lancet. 2011 Apr 30;
377(9776):1523–38. doi: 10.1016/S0140-6736(10)62269-6 PMID: 21496906

5. Baschat AA. Fetal growth restriction—from observation to intervention. J Perinat Med. 2010 May; 38
(3):239–46. doi: 10.1515/JPM.2010.041 PMID: 20205623

6. Royal College of Obstetricians and Gynaecologists. Green-top Guideline No. 31. The Investigation and
Management of the Small-for-Gestational-Age Fetus. Revised January 2014.

7. Prior T, Mullins E, Bennett P, Kumar S. Prediction of fetal compromise in labor. Obstet Gynecol. 2014
Jun; 123(6):1263–7. doi: 10.1097/AOG.0000000000000292 PMID: 24807326

8. Schuit E, Kwee A, Westerhuis ME, Van Dessel HJ, Graziosi GC, Van Lith JM, et al. A clinical prediction
model to assess the risk of operative delivery. BJOG. 2012 Jul; 119(8):915–23 doi: 10.1111/j.1471-
0528.2012.03334.x PMID: 22568406

9. Gardosi J, Francis A. CustomisedWeight Centile Calculator—GROW-Centile v.5.12/6.2 2009. Gesta-
tion Network, www.gestation.net.

10. Gardosi J, Francis A. Adverse pregnancy outcome and association with small for gestational age birth-
weight by customized and population-based percentiles. Am J Obstet Gynecol 2009; 28: e1–e8.

11. Odibo AO, Francis A, Cahill AG, Macones GA, Crane JP, Gardosi J, et al. Association between preg-
nancy complications and small-for-gestational age birth weight defined by customized fetal growth
standard versus a population-based standard. J Matern Fetal Neonatal Med 2011; 24(3): 411–417.
doi: 10.3109/14767058.2010.506566 PMID: 20698736

12. Ebbing C, Rasmussen S, Kiserud T. Middle cerebral artery blood flow velocities and pulsatility index
and the cerebroplacental pulsatility ratio: longitudinal reference ranges and terms for serial measure-
ments. Ultrasound Obstet Gynecol 2007: 30 (3): 287–96. PMID: 17721916

13. Acharya G, Wilsgaard T, Berntsen GK, Maltau JM, Kiserud T. Reference ranges for serial measure-
ments of umbilical artery Doppler indices in the second half of pregnancy. Am J Obstet Gynecol 2005;
192 (3): 937–44. PMID: 15746695

Fetal Growth and Placental Insufficiency

PLOS ONE | DOI:10.1371/journal.pone.0142788 January 5, 2016 12 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142788.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142788.s002
http://www.ncbi.nlm.nih.gov/pubmed/17627685
http://dx.doi.org/10.1136/bmj.f108
http://www.ncbi.nlm.nih.gov/pubmed/23349424
http://www.ncbi.nlm.nih.gov/pubmed/15717289
http://dx.doi.org/10.1016/S0140-6736(10)62269-6
http://www.ncbi.nlm.nih.gov/pubmed/21496906
http://dx.doi.org/10.1515/JPM.2010.041
http://www.ncbi.nlm.nih.gov/pubmed/20205623
http://dx.doi.org/10.1097/AOG.0000000000000292
http://www.ncbi.nlm.nih.gov/pubmed/24807326
http://dx.doi.org/10.1111/j.1471-0528.2012.03334.x
http://dx.doi.org/10.1111/j.1471-0528.2012.03334.x
http://www.ncbi.nlm.nih.gov/pubmed/22568406
http://www.gestation.net
http://dx.doi.org/10.3109/14767058.2010.506566
http://www.ncbi.nlm.nih.gov/pubmed/20698736
http://www.ncbi.nlm.nih.gov/pubmed/17721916
http://www.ncbi.nlm.nih.gov/pubmed/15746695


14. Akolekar R, Syngelaki A, Gallo DM, Poon LC, Nicolaides KH. Umbilical and fetal middle cerebral artery
Doppler at 35–37 weeks’ gestation in the prediction of adverse perinatal outcome. Ultrasound Obstet
Gynecol. 2015 Jul; 46(1):82–92 doi: 10.1002/uog.14842 PMID: 25779696

15. Husslein H, Moswitzer B, Leipold H, Moertl M, Worda C. Low placental weight and risk for fetal distress
at birth. J Perinat Med. 2012 Jun 20; 0(0):1–3.

16. Singh T, Sankaran S, Thilaganathan B, Bhide A. The prediction of intra-partum fetal compromise in pro-
longed pregnancy. J Obstet Gynaecol. 2008 Nov; 28(8):779–82. doi: 10.1080/01443610802431857
PMID: 19085543

17. Smith-Bindman R, Chu PW, Ecker JL, Feldstein VA, Filly RA, Bacchetti P. US evaluation of fetal
growth: prediction of neonatal outcomes. Radiology. 2002 Apr; 223(1):153–61. PMID: 11930060

18. Iraola A, González I, Eixarch E, Meler E, Illa M, Gardosi J, et al. Prediction of adverse perinatal outcome
at term in small-for-gestational age fetuses: comparison of growth velocity vs. customized assessment.
J Perinat Med. 2008; 36(6):531–5. doi: 10.1515/JPM.2008.100 PMID: 18990039

19. Illa M, Coloma JL, Eixarch E, Meler E, Iraola A, Gardosi J, et al. Growth deficit in term small-for-gesta-
tional fetuses with normal umbilical artery Doppler is associated with adverse outcome. J Perinat Med.
2009; 37(1):48–52 doi: 10.1515/JPM.2009.003 PMID: 18956962

20. de Jong CL, Francis A, van Geijn HP, Gardosi J. Fetal growth rate and adverse perinatal events. Ultra-
sound Obstet Gynecol. 1999 Feb; 13(2):86–9. PMID: 10079485

21. Marconi AM, Ronzoni S, Bozzetti P, Vailati S, Morabito A, Battaglia FC. Comparison of fetal and neona-
tal growth curves in detecting growth restriction. Obstet Gynecol. 2008 Dec; 112(6):1227–34. doi: 10.
1097/AOG.0b013e31818bdc7e PMID: 19037030

22. Francis JH, Permezel M, Davey MA. Perinatal mortality by birthweight centile. Aust N Z J Obstet
Gynaecol. 2014 Aug; 54(4):354–9. doi: 10.1111/ajo.12205 PMID: 24731210

23. Alfirevic Z, Stampalija T, Gyte GM. Fetal and umbilical Doppler ultrasound in high-risk pregnancies.
Cochrane Database Syst Rev. 2013 Nov 12; 11:CD007529. [Epub ahead of print] doi: 10.1002/
14651858.CD007529.pub3 PMID: 24222334

24. McCowan LM, Harding JE, Stewart AW. Umbilical artery Doppler studies in small for gestational age
babies reflect disease severity. BJOG. 2000 Jul; 107(7):916–25. PMID: 10901565

25. Oros D, Figueras F, Cruz-Martinez R, Meler E, Munmany M, Gratacos E. Longitudinal changes in uter-
ine, umbilical and fetal cerebral Doppler indices in late-onset small-for-gestational age fetuses. Ultra-
sound Obstet Gynecol. 2011 Feb; 37(2):191–5. doi: 10.1002/uog.7738 PMID: 20617509

26. Cruz-Martínez R, Figueras F, Hernandez-Andrade E, Oros D, Gratacos E. Fetal brain Doppler to pre-
dict cesarean delivery for nonreassuring fetal status in term small-for-gestational-age fetuses. Obstet
Gynecol. 2011 Mar; 117(3):618–26. doi: 10.1097/AOG.0b013e31820b0884 PMID: 21343765

27. Murata S, Nakata M, Sumie M, Sugino N. The Doppler cerebroplacental ratio predicts non-reassuring
fetal status in intrauterine growth restricted fetuses at term. J Obstet Gynaecol Res. 2011 Oct; 37
(10):1433–7 doi: 10.1111/j.1447-0756.2011.01563.x PMID: 21676074

28. Severi FM, Bocchi C, Visentin A, Falco P, Cobellis L, Florio P, et al. Uterine and fetal cerebral Doppler
predict the outcome of third-trimester small-for-gestational age fetuses with normal umbilical artery
Doppler. Obstet Gynecol. 2002 Mar; 19(3):225–8.

29. Hershkovitz R, Kingdom JC, Geary M, Rodeck CH. Fetal cerebral blood flow redistribution in late gesta-
tion: identification of compromise in small fetuses with normal umbilical artery Doppler. Ultrasound
Obstet Gynecol. 2000 Mar; 15(3):209–12. PMID: 10846776

30. Fu J, Olofsson P. Relations between fetal brain-sparing circulation, oxytocin challenge test, mode of
delivery and fetal outcome in growth-restricted term fetuses. Acta Obstet Gynecol Scand. 2011 Mar; 90
(3):227–30. doi: 10.1111/j.1600-0412.2010.01042.x PMID: 21306309

31. Sabdia S, Greer RM, Prior T, Kumar S. Predicting intrapartum fetal compromise using the fetal cerebro-
umbilical ratio. Placenta. 2015 May; 36(5):594–8 doi: 10.1016/j.placenta.2015.01.200 PMID: 25771404

Fetal Growth and Placental Insufficiency

PLOS ONE | DOI:10.1371/journal.pone.0142788 January 5, 2016 13 / 13

http://dx.doi.org/10.1002/uog.14842
http://www.ncbi.nlm.nih.gov/pubmed/25779696
http://dx.doi.org/10.1080/01443610802431857
http://www.ncbi.nlm.nih.gov/pubmed/19085543
http://www.ncbi.nlm.nih.gov/pubmed/11930060
http://dx.doi.org/10.1515/JPM.2008.100
http://www.ncbi.nlm.nih.gov/pubmed/18990039
http://dx.doi.org/10.1515/JPM.2009.003
http://www.ncbi.nlm.nih.gov/pubmed/18956962
http://www.ncbi.nlm.nih.gov/pubmed/10079485
http://dx.doi.org/10.1097/AOG.0b013e31818bdc7e
http://dx.doi.org/10.1097/AOG.0b013e31818bdc7e
http://www.ncbi.nlm.nih.gov/pubmed/19037030
http://dx.doi.org/10.1111/ajo.12205
http://www.ncbi.nlm.nih.gov/pubmed/24731210
http://dx.doi.org/10.1002/14651858.CD007529.pub3
http://dx.doi.org/10.1002/14651858.CD007529.pub3
http://www.ncbi.nlm.nih.gov/pubmed/24222334
http://www.ncbi.nlm.nih.gov/pubmed/10901565
http://dx.doi.org/10.1002/uog.7738
http://www.ncbi.nlm.nih.gov/pubmed/20617509
http://dx.doi.org/10.1097/AOG.0b013e31820b0884
http://www.ncbi.nlm.nih.gov/pubmed/21343765
http://dx.doi.org/10.1111/j.1447-0756.2011.01563.x
http://www.ncbi.nlm.nih.gov/pubmed/21676074
http://www.ncbi.nlm.nih.gov/pubmed/10846776
http://dx.doi.org/10.1111/j.1600-0412.2010.01042.x
http://www.ncbi.nlm.nih.gov/pubmed/21306309
http://dx.doi.org/10.1016/j.placenta.2015.01.200
http://www.ncbi.nlm.nih.gov/pubmed/25771404


Copyright of PLoS ONE is the property of Public Library of Science and its content may not
be copied or emailed to multiple sites or posted to a listserv without the copyright holder's
express written permission. However, users may print, download, or email articles for
individual use.


