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ABSTRACT

Objectives

Fetal growth restriction (FGR) is a major risk factor for stillbirth and most commonly arises
from uteroplacental insufficiency. Despite clinical examination and third trimester fetal
biometry, cases of FGR often remain undetected antenatally. Placental insufficiency is known
to be associated with altered blood flow resistance in maternal, placental, and fetal vessels.
We evaluated the performance of individual, and combined Doppler blood flow resistance

measurements for the prediction of term FGR.

Methods

This was a prospective study of fetal growth including Doppler measurements in 347
nulliparous women at 36 weeks’ gestation. We analysed the pulsatility indices (PI) of the
uterine arteries (UtA), umbilical artery (UA), and fetal vessels, individually and in combination,
for prediction of birthweights <10™, <5™ and <3™ centiles. We compared Doppler parameters’
sensitivities, positive and negative predictive values, and odds ratios (OR) for these
birthweights at ~90% specificity. We also analysed the correlations between Doppler
measurements and other parameters of placental insufficiency — fetal growth velocity and

neonatal body fat.

Results
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The Doppler combination most strongly associated with placental insufficiency was a newly
generated parameter which we have named the cerebral-placental-uterine ratio (CPUR). The
CPUR is the cerebroplacental ratio (middle cerebral artery PI/UA PI) divided by the mean UtA
PI. The CPUR detected FGR better than the mean UtA Pl or the cerebroplacental ratio (CPR)
alone. At ~90% specificity, a low CPUR had sensitivities of 50% for birthweight <10 centile,
68% for <5 centile, and 89% for <3™ centile. This was compared to respective sensitivities of
26%, 37% and 44% for a low CPR, and 34%, 47% and 67% for a high mean UtA PI. Low CPUR
predicted birthweight <10™ centile with an OR of 9-1, <5 centile with an OR of 17-3, and <3™
centile with an OR of 57 (P<0-0001 for all). The CPUR also correlated most strongly with fetal

growth velocity and neonatal body fat measures.

Conclusions

In this cohort, our novel Doppler combination - the cerebral-placental-uterine ratio (CPUR;
CPR/UtA PI) - had the strongest associations with placental insufficiency. The CPUR detected
more FGR than any other Doppler parameter measured. If independently replicated, this new
parameter may lead to better identification of fetuses at increased risk of stillbirth that may

benefit from obstetric interventions.

INTRODUCTION

Fetal growth restriction (FGR) is associated with 50% of stillbirths — the majority of which occur

after 34 weeks' — and commonly reflects uteroplacental insufficiency?. Being small-for-
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gestational-age (SGA,; <10 centile), a common proxy for FGR, incurs a three to four-fold
increased risk of stillbirth at all gestationsl'a. This includes term fetuses, for whom excellent
outcomes would be expected if delivery were to be expedited. Around 30% of stillbirths at
term occur among the SGA™”. Identifying SGA fetuses, and FGR among those appropriately

grown, are therefore priorities to reduce late pregnancy stillbirth®.

Unfortunately, the accuracy of existing clinical tools to detect SGA fetuses is surprisingly
modest. Currently, women with risk factors or clinically suspected FGR are referred for
ultrasound — this approach detects 20% of SGA cases’. While universal ultrasound might be
expected to detect most SGA fetuses, the reported sensitivity in high quality cohort studies is
just 52-57% 2. In addition, methods assessing only fetal size, will be unable to detect fetuses
that may be subject to placental insufficiency, but that are not small. We urgently need new

methods to better detect FGR if we are to reduce term stillbirths.

Uteroplacental insufficiency is associated with altered blood flow resistance in the uterine,
placental, and fetal vasculature. The maternal uterine arteries (UtA) and umbilical artery (UA)
demonstrate increased resistance®°, and the fetus adapts by actively redistributing blood flow
towards essential organs. Vasodilation of the fetal cerebral vessels can be identified as a
reduced middle cerebral artery (MCA) pulsatility index (P1)°. To date, the cerebroplacental ratio
(CPR; MCA PI/UA PI) shows the most promise for identifying at-risk fetuses in late pregnancy
but its clinical use is not standardised. A low CPR is associated with stillbirth even after

adjustment for fetal size’®; and near term, cerebral vasodilation is a more sensitive indicator of
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placental insufficiency than increasing UA PI . High UtA PI at 36 weeks is also independently

associated with perinatal death at term®®, but this is not widely measured clinically.

Doppler assessments which combine information from the uterine, placental, and/or fetal
vessels could improve detection of uteroplacental insufficiency near term. We examined which
Doppler parameters (alone or in combination) best identified fetuses at risk of being SGA
(birthweight <10™ centile), or growth restricted (birthweight <5 or <3 centile; reduced third

trimester growth velocity; reduced neonatal body fat).
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METHODS

Study design and participants

The Fetal Longitudinal Assessment of Growth (FLAG) study was a prospective study conducted
at the Mercy Hospital for Women, a tertiary hospital in Melbourne, Australia. This study was
approved by Mercy Health Research Ethics Committee, Approval Number R14/12, with written

informed consent obtained from all participants.

Eligible women were invited to participate at the time of their glucose tolerance test —offered
around 28 weeks’ gestation. English-speaking women were eligible if they were nulliparous,
over 18 years, with a singleton, well-dated pregnancy and normal mid-trimester ultrasound
examination. Exclusion criteria were known fetal infection, low lying placenta, hypertension,
antepartum haemorrhage, ruptured membranes, or estimated fetal weight (EFW) <10" centile
at first study ultrasound. Inclusion was limited to nulliparous women as it is for these women
that clinicians most need guidance. Parous women already have an established a priori risk for
FGR on the basis of their previous pregnancy outcomes. In comparison, nulliparous women
have no obstetric history from which to infer a risk profile for FGR, so their individual risk is

harder to stratify.

Procedures

Each participant underwent two ultrasound examinations measuring fetal biometry,

performed by one of two experienced operators. The first was performed between 27*%and
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29" weeks, and the second between 35 and 37" weeks’ gestation inclusive. A General
Electric Voluson 730 (GE Medical Systems, Zipf, Austria) device with 2-7-MHz linear curved-
array transducer was used for all ultrasound examinations. Methods used to assign customised
EFW and abdominal circumference (AC) centiles, and fetal growth velocity values have been

previously described”.

At the 36 week ultrasound assessment, transabdominal colour and pulsed-wave Doppler were
used to measure the mean UtA PI, and the UA PI. The Pl of the fetal MCA, renal arteries,
ductus venosus, and aortic isthmus were also recorded. Measurements were taken during
periods of fetal apnoea and inactivity, with the angle of insonation close to zero. The UA PI
was measured in a free loop of cord away from the cord insertion sites™. The MCA was
recorded at 1-2cm from the circle of Willis'®. For maternal UtA assessment the probe was
placed in each of the iliac fossae, and the waveform recorded within 1cm of the UtA crossing
the external iliac artery'’. Aortic isthmus Pl measurements were sampled from the longitudinal
aortic arch, or ‘three vessels and trachea’, sonographic plane®®. The ductus venosus was
identified as the vessel with high blood flow velocities connecting the inferior vena cava and
the umbilical vein®. The fetal renal artery Pls were measured in the coronal plane between the

aortic origin of the vessel and the first emergent branch®.

All Pl values were measured in triplicate and the mean calculated. For the paired maternal

uterine and fetal renal arteries, average Pl values were obtained for both the right and left

vessels, and these averaged to provide the overall mean Pl. CPR was calculated as mean MCA
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Pl divided by mean UA PI. For each of the Pl values, the gestation-dependent centile (if
normally distributed) or multiples of the median (MoM) (if not normally distributed) were

determined.

Treating clinicians were blinded to ultrasound results, notified only if the EFW was <10™
centile, the UA Pl was >95" centile'® or the MCA Pl was <5 centile®®, in which case
management was at the discretion of the treating team. Aortic isthmus, ductus venosus, UtA,
renal artery, CPR and fetal growth velocity values were never disclosed to clinicians.
Ultrasound EFW and AC centiles were not compared to Doppler measurements to predict SGA
as (i) ultrasound operators were not blinded to the biometry; (ii) cases of EFW <10™ centile
required unblinding to clinicians, introducing the potential for bias; and (iii) the performance of
ultrasound biometry has been well-established through larger, blinded prospective studies’ 2.
Outcomes

Following delivery, EFW and infant birthweights were customised using the GROW software®*

(https://www.gestation.net). This generates a ‘term optimal birthweight’ standard, then

adjusts for non-pathological factors affecting birthweight: maternal height, weight and
nulliparity, infant sex, and exact gestational age. Coefficients for the Australian application 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, parity

and fetal sex. We did not adjust for maternal ethnicity.
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Ponderal index (birthweight(g)x100)/length(cm)?) was calculated for all infants. Newborns also
underwent estimation of body fat percentage by air displacement plethysmography using a

PEA POD (COSMED, Concord, CA, USA) device within four days of birth, where possible.

Statistical analysis

Maternal characteristics and birth outcome data were compared between: participants
delivering infants <10™ centile, and those delivering infants 210™ centile; and between
recruited participants and eligible women not recruited. This was performed using non-paired
t-test (normally distributed) or Mann-Whitney test (not normally distributed) for continuous

data, and Chi-square or Fisher’s exact tests for categorical analyses.

Each Doppler parameter was tested for distribution per weeks’ gestation. Aortic isthmus,
ductus venosus, renal artery, and UA Pl values were normally distributed and were converted
to gestation-specific centiles. CPR, MCA Pl and UtA Pl values were not normally distributed so
were converted to gestation-specific MoMs. The median value for each parameter or
combination at each gestational week (35, 36 or 37 weeks) was identified, and then each
Doppler value was divided by its relevant median value to represent the Doppler as a MoM.
Univariate logistic regression was performed to determine which Doppler parameters, or
combinations, were significantly associated with SGA (birthweight <10™ centile). The
performance of Doppler parameters’ detection of SGA (birthweight <10" centile), and growth
restriction (birthweight <5" and <3™ centile) was compared using area under the receiver

operator characteristic curve (AUC) analysis. Also, after determining a cut-off most closely
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corresponding to 90% specificity for detecting birthweight <10" centile, we calculated odds
ratios (OR) for Doppler parameters for birthweights <10", <5 and <3™ centile, as well as

sensitivity, and positive and negative predictive values.

We tested the strength of correlation between our best performing Doppler parameters and
indicators of placental function in the cohort. These measures included customised
birthweight centile, fetal growth velocity and neonatal body fat measures. Fetal growth
velocity in late pregnancy was assessed by calculating the change in EFW, and AC, centile over
exactly eight weeks™. For neonatal body fat assessment, ponderal index and neonatal body fat
percentage were calculated. The strengths of the linear correlations were quantified by

Spearman r values, and compared.

Statistical analyses were performed using GraphPad Prism version 6:00 for Windows

(GraphPad Software, La Jolla California USA, www.graphpad.com), and R version 3:3:2 (64-bit).

RESULTS

Study participants
Between February 2015 and February 2016, 361 (45-8%) of 788 eligible women were recruited
to the study. Of the 361 participants enrolled, 347 attended for ultrasound Doppler

examination between 35*° and 37'° weeks. Of these, 39 (11-2%) delivered SGA infants

10
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(birthweight <10™ centile) with 19 (5-5%) birthweight <5 centile infants, and 9 (2-6%)

birthweight <3™ centile infants (Figure 1).

The characteristics of the 347 participants are shown in Table 1. When participants delivering
SGA infants were compared to the remainder of the cohort there were no significant
differences in maternal characteristics, the number that had their labour induced, or mode of

delivery. SGA infants were significantly smaller, and delivered a median four days earlier.

Of the 427 women that were eligible but not recruited, 247 agreed to collection of their clinical
outcome data. Their maternal and delivery characteristics were compared to the 361 recruited
women to exclude potential recruitment or selection bias. No statistically significant
differences were found, except that those recruited were slightly younger (by <one year) than

the 247 non-participants (Table S1).

Doppler parameters at 36 weeks’ gestation associated with SGA infants

Each Doppler parameter was evaluated with logistic regression to determine its association
with the subsequent delivery of a SGA infant. 36 week umbilical artery (UA) pulsatility index
(PI) centile (p=0-04), middle cerebral artery (MCA) Pl MoM (p=0-009), uterine artery (UtA) PI
MoM (p<0-001), aortic isthmus PI centile (P=0-04) and cerebroplacental ratio (CPR; MCA PI/UA
PI) MoM (P <0:001), were all significantly associated with SGA at birth; fetal renal artery and
ductus venosus Pl centiles were not. AUC analysis revealed mean UtA PI to have an AUC of

0-69 — the best of the five Doppler parameters significantly associated with SGA. The CPR

11
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demonstrated an AUC of 0-67, performing better than either of its constituent parameters (UA

PI AUC = 0-60; MCA Pl AUC = 0-62). Aortic isthmus PI centile AUC was 0-60.

We next assessed whether combinations of the associated Doppler parameters could be used
to further improve the detection of SGA fetuses. Given low CPR and high UtA Pl values are
associated with placental insufficiency and FGR**, we wondered whether a ratio incorporating
both parameters may demonstrate a stronger relationship with SGA than either of its
constituents. We therefore devised a ratio that has not been previously described, which we
have named the cerebral-placental-uterine ratio (CPUR). The CPUR is the ratio of the CPR to
the mean UtA PI (CPUR = CPR/UtA PI). CPUR MoM had an AUC of 0-76 in predicting SGA —
better than any of the other Doppler parameters, including its constituent parameters. The
CPUR also performed better than the UtA Pl combined with either the MCA PI or UA Pl alone

(Figure 2A-E).

Having identified the CPUR as the best parameter for prediction of SGA, we compared the

CPUR’s performance for predicting other indicators of utero-placental insufficiency to that of
the CPR and UtA PI. As well as being the CPUR’s constituent parameters, these also represent
established Doppler parameters with a body of literature behind them, in clinical use in some

settings.

Doppler parameters at 36 weeks’ gestation associated with FGR

12
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The existence of a biological gradient and continuum of perinatal risk in FGR is well
established. While being SGA is associated with a three to four-fold increased risk of stillbirth,
this risk increases exponentially with decreasing birthweight centiles below the 10" centile®”.
This is likely to be because the proportion of true FGR as a result of placental insufficiency rises
with more severe decrements in birthweight. Therefore, we evaluated the ability of the CPUR
to detect infants with birthweights <5 and <3™ centile, associated with six, and ten-fold

increased risks of stillbirth>*

respectively. The performance of the CPUR improved further for
these lower birthweight centiles, with AUCs of 0-85 and 0-93 for <5" and <3™ centile
respectively. CPUR again performed better than UtA Pl and CPR alone to detect these

birthweights indicative of FGR (Figure 3A-F).

We next calculated the odds of being SGA or growth restricted in the event of an abnormal
Doppler parameter value at 36 weeks’ gestation. We applied cut-off values for each parameter
that most closely corresponded to 90% specificity for SGA in our cohort. These values were
CPUR <0-71 MoM, CPR <0-78 MoM, and UtA Pl >1-36 MoM. We used cut-offs for a standard
specificity so that we could compare the detection rates for the different Doppler parameters
at a fixed, similar false positive rate. We chose to approximate 90% specificity, as this is the
reported specificity of universal blinded biometry’. Of all the Doppler parameters the CPUR
produced the highest ORs to detect birthweights <10 centile (OR=9-1 [4-4-19-1], P <0-0001),
<5" centile (OR=17-3 [6-2-48-3], P <0-0001) and <3™ centile (OR=57-0 [6-9-467-6], P <0-0001),

higher than its constituent parameters (Table 2).

13
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Using these same cut-offs, we next characterised the diagnostic performance of the CPUR in
predicting infants destined to be delivered with birthweights <10™, <5™ and <3" centile. We
compared the diagnostic performance characteristics to those of the CPR and UtA PI, and to
ultrasound biometry EFW (Table 3). Low CPUR had higher sensitivity than either low CPR or
high UtA PI for birthweight <10" centile (50%, compared to 26% and 34% respectively),
birthweight <5 centile (68%, compared to 37% and 47%) and birthweight <3™ centile (89%,
compared to 44% and 67%). Furthermore, the CPUR had consistently higher positive predictive
value for these three birthweight cut-offs compared to the other two parameters (Table 3). In
our cohort, our EFW values generated high specificity and positive predictive values for
birthweights <10" <5™ and <3™ centile, but CPUR performed with greater sensitivity than
biometry for these outcomes. When compared to EFW <28™ centile — which was the cut-off of
equivalent specificity (~¥90%) - ultrasound biometry was more sensitive than CPUR for
prediction of SGA and <5™ centile infants, but not for those most at risk — those with
birthweight <3™ centile (Table 3). This comparison was performed to compare test sensitivities

at the same false positive rate, but EFW <28™ centile is not a parameter used clinically.

Doppler parameters associated with antenatal and neonatal measures of fetal growth
potential

Infants with a birthweight between the 50" and 97™ centiles have the lowest risks of stillbirth
and perinatal mortality. A continuum of perinatal risk exists: stillbirth risk increases with
decreasing birthweight centiles, rising even more sharply when the birthweight is below the

4,5,23

10" centile . Consistent with this, we found fetuses 250" centile had the lowest rates of

14
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low CPUR, with a stepwise increase in the prevalence of low CPUR with decreasing birthweight
centile (Table S2). Additionally, decreasing birthweight centile was associated with a stepwise
increase in the OR of having a low CPUR, particularly at birthweight centile ranges <10" centile

(Table S2).

We also evaluated the correlations between the Doppler parameters and clinical variables
associated with FGR and placental insufficiency. As well as customised birthweight centile, we
evaluated fetal growth velocity across the third trimester, and neonatal body composition
measures — ponderal index and body fat percentage. We examined these variables, as reduced
fetal growth velocity (evidenced by decreasing estimated fetal weight (EFW) and abdominal
circumference (AC) centiles across pregnancy) occurs with placental insufficiency regardless of
birthweight centile *. Similarly, neonatal body composition measures reflect in utero nutrient
supply to the fetus, and predict neonatal morbidity better than birthweight centile **. CPUR
was associated with low EFW growth velocity (loss of >30 EFW centiles over eight weeks) with
a higher AUC (0.72, P<0.0001) than CPR (AUC=0.69) or UtA Pl (AUC=0.63) alone (Figures 4A-C).
The CPUR was also associated with low third trimester EFW growth velocity with higher AUC
and stronger significance than its constituent parameters when the analysis was confined only
to infants born at >10™ centile (Figures 4D-F) — potentially better identifying the growth
restricted among the seemingly appropriately grown. CPUR also showed the strongest linear
correlation with every neonatal body composition variable measured, compared to CPR and

UtA Pl alone (Table S3).

15
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Assessment of the validity of a ratio approach

The CPUR was compared to an alternative model using the individual additive covariates (MCA
PI MoM, UA PI centile and mean UtA Pl MoM) in a linear predictor. The test performance
characteristics of the additive model were essentially the same as for the CPUR for prediction
of SGA infants, and those with birthweight <5 centile (54 — Assessment of the validity of a
ratio approach). Given our small cohort and low numbers with a birthweight <3™ centile, it was
not statistically valid to compare CPUR with a model using individually additive covariates for

this outcome.

DISCUSSION

In this prospective cohort study, we found that a novel combination of Doppler parameters,
the CPUR (CPR/UtA PI), was the best Doppler predictor of SGA infants and FGR in late
pregnancy. At 36 weeks, the CPUR performed better than either of its constituent parameters
to predict infants with birthweights <10™ <5™ and, <3" centile. Furthermore, the CPUR
demonstrated a strong biological gradient across all birthweights below the 50" centile, with
an exponential increase in the rate of low CPUR at birthweight centiles <10™. This gradient
mirrors the continuum of adverse perinatal outcome associated with placental insufficiency in
large epidemiological studies, particularly term stillbirth® > %. In addition, the CPUR showed
the strongest correlations with other important indicators of placental insufficiency. These
indicators include third trimester fetal growth velocity, and neonatal fat measures which

reflect in utero substrate supply.

16
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This finding is important given detection of FGR in late pregnancy remains poor, yet is
recognised to be a priority to reduce term stillbirth”. When SGA fetuses are identified during
pregnancy, they are delivered earlier, and the stillbirth risk is halved®. There is no increase in
the rate of caesarean section when women with SGA fetuses have labour induced at term?.
Therefore, a safe and acceptable intervention to reduce stillbirth does exist, should FGR be
identified in late pregnancy. Yet, a population study of 460,000 term births found that of all
stillbirths that occurred among SGA fetuses, antenatal care providers only suspected the fetus
was small in one quarter of cases”’. The traditional approach — measuring the uterine fundus
using a tape measure and sending women measuring small, or with risk factors, for an
ultrasound — only detects 20% of SGA fetuses’. Even universal third trimester ultrasound to
estimate the fetal weight has a reported sensitivity of 52-57%” 2. If our findings are replicated
independently, the CPUR could be applied to better identify SGA fetuses and FGR. Importantly,
the CPUR could feasibly be introduced into clinical practice rapidly. Experience with the
relevant Doppler parameters is well established, such that measurement of the CPUR is not

difficult to perform.

Notably, low CPUR in our study performed particularly well in identifying fetuses not just small,
but growth restricted. Infants with birthweight <3" centile are a particularly high-risk group.
They are at the highest risk of stillbirth®>, and carry a four-fold increased risk of fetal distress
and acidosis in labour compared to 3"-10™ centile fetuses®. Potentially, CPUR may perform

with better sensitivity to detect this at-risk group than ultrasound biometry. In a study of

17
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almost 4,000 participants, blinded universal ultrasound biometry detected 77% of infants with
birthweight <3" centile, at 87% specificity, with 12% positive predictive value’. In comparison,
in our much smaller study, CPUR <0-71 MoM demonstrated 89% sensitivity and 16% positive
predictive value at comparable specificity. Our study was limited in that we did not blind the
ultrasound operators to biometry, and our study was too small to assess for additive
algorithms. However, for prediction of birthweight <3™ centile the CPUR performed with
greater sensitivity than biometry in this cohort also. However, it is possible that the CPUR
could potentially be added to biometry in a combined model to improve ultrasound detection

of FGR.

As a functional measurement, the CPUR is able to distinguish between the pathologically small
and the healthy or constitutionally small fetus, which biometry alone is unable to achieve.
Likewise, the CPUR may aid the detection of the growth restricted fetus among the
appropriate-for-gestational-age (= 10" centile) cohort. The CPUR more strongly associated
with low third trimester EFW growth velocity than its constituent parameters, even among
fetuses born at what is considered a normal birthweight. The CPUR also linearly correlated
most strongly with these other measures of placental function including fetal growth velocity
and neonatal body composition. Slowing fetal growth velocity is an important measure of
placental insufficiency', and low body fat percentage is a better predictor of neonatal
morbidity than a classification of SGA*. Both of these outcome measures are indicators of

placental insufficiency regardless of birthweight centile.

18
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To our knowledge, this is the first study to combine the CPR and UtA Pl into an individualised
ratio to predict FGR in a prospective cohort. These associations are biologically credible, since
the CPUR combines Doppler parameters that each represent unique biological manifestations
of placental insufficiency. Raised UtA resistance may indicate maternal uterine malperfusion to
the placental bed”; increased UA Pl indicates increased placental resistance to fetal blood
flow®®, and therefore reduced oxygen and nutrient transfer; and lowered cerebral vascular
resistance is a fetal adaptation maximising oxygenation of the brain®. Lower CPR and higher

UtA Pl measurements have each been associated with SGA infants®, fetal decompensation in

12,22,31 12,31

labour and neonatal acidosis , neonatal nursery admission** 3, and perinatal mortality™*
3 While the use of a ratio may not always be an optimal approach®, its use does not preclude
clinical assessment of any of the parameters in isolation. In addition, when compared to an
alternative model using the individual Doppler parameters as covariates, the CPUR showed

equivalent, if not better performance.

Strengths of this study include its prospective design, and that clinicians providing clinical care
were blinded to Doppler values, minimising intervention bias. Another strength is that we did
not rely on birthweight centile alone to define the presence of FGR and placental insufficiency.
We included indicators of placental insufficiency independent of birthweight, namely slowing

of growth in utero and neonatal body fat percentage.

The main limitation of our study is that it was not powered to detect important but uncommon

perinatal outcomes such as stillbirth or significant neonatal morbidity. The CPUR warrants

19

This article is protected by copyright. All rights reserved.



validation in larger independent cohorts — ideally adequately powered for clinically relevant,
adverse perinatal outcomes. It is also possible that combining the CPUR with biometry and/or
biomarkers may detect FGR, and predict adverse outcome, with better accuracy than any
single method™?; yet our study was also not designed to assess for this. In addition, we have
not evaluated the reproducibility of the CPUR, which should also be considered in future

validation studies.

Overall, the CPUR is a novel Doppler ratio with a strong association with placental insufficiency
and superior sensitivity for fetal growth restriction compared to existing Doppler parameters.
If our findings are replicated in independent cohorts, the CPUR may lead to better
identification of term fetuses at increased risk of stillbirth that may benefit from obstetric

interventions.

ACKNOWLEDGEMENTS

We wish to thank the health information services, birth suite, operating theatre, postnatal
ward, nursery, university research department, and perinatal medicine staff at the Mercy
Hospital for Women for their assistance in conducting this study. We thank the philanthropic
donors to the Mercy Health Foundation for their generous support. In particular, we also thank

Dr Richard Hiscock (MBiostat) for his most valuable statistical advice.

REFERENCES

1. Gardosi J, Madurasinghe V, Williams M, Malik A and Francis A. Maternal and fetal risk
factors for stillbirth: population based study. BMJ 2013; 346: f108.

20

This article is protected by copyright. All rights reserved.



2. Flenady V, Koopmans L, Middleton P, Froen JF, Smith GC, Gibbons K, Coory M, Gordon
A, Ellwood D, Mclintyre HD, Fretts R and Ezzati M. Major risk factors for stillbirth in high-income
countries: a systematic review and meta-analysis. Lancet 2011; 377: 1331-1340.

3. Mendez-Figueroa H, Truong VT, Pedroza C, Khan AM and Chauhan SP. Small-for-
gestational-age infants among uncomplicated pregnancies at term: a secondary analysis of 9
Maternal-Fetal Medicine Units Network studies. Am J Obstet Gynecol 2016; 215: 628.e621-
628.e627.

4, Vasak B, Koenen SV, Koster MP, Hukkelhoven CW, Franx A, Hanson MA and Visser GH.
Human fetal growth is constrained below optimal for perinatal survival. Ultrasound Obstet
Gynecol 2015; 45: 162-167.

5. Francis JH, Permezel M and Davey MA. Perinatal mortality by birthweight centile. Aust
N Z J Obstet Gynaecol 2014; 54: 354-359.
6. The Royal College of Obstetricians and Gynaecologists. The investigation and

management of the small-for-gestational-age fetus. In Book The Royal College of Obstetricians
and Gynaecologists. The investigation and management of the small-for-gestational-age fetus.,
Editor. City, 2013.

7. Sovio U, White IR, Dacey A, Pasupathy D and Smith GC. Screening for fetal growth
restriction with universal third trimester ultrasonography in nulliparous women in the
Pregnancy Outcome Prediction (POP) study: a prospective cohort study. Lancet 2015; 386:
2089-2097.

8. Miranda J, Rodriguez-Lopez M, Triunfo S, Sairanen M, Kouru H, Parra-Saavedra M,
Crovetto F, Figueras F, Crispi F and Gratacos E. Prediction of fetal growth restriction using
estimated fetal weight versus a combined screening model at 32-36 weeks of gestation.
Ultrasound Obstet Gynecol 2016; 10.1002/u0g.17393.

9. Turan OM, Turan S, Gungor S, Berg C, Moyano D, Gembruch U, Nicolaides KH, Harman
CR and Baschat AA. Progression of Doppler abnormalities in intrauterine growth restriction.
Ultrasound Obstet Gynecol 2008; 32: 160-167.

10. Khalil A, Morales-Rosello J, Townsend R, Morlando M, Papageorghiou A, Bhide A and
Thilaganathan B. Value of third-trimester cerebroplacental ratio and uterine artery Doppler
indices as predictors of stillbirth and perinatal loss. Ultrasound Obstet Gynecol 2016; 47: 74-80.
11. Crimmins S, Desai A, Block-Abraham D, Berg C, Gembruch U and Baschat AA. A
comparison of Doppler and biophysical findings between liveborn and stillborn growth-
restricted fetuses. Am J Obstet Gynecol 2014; 211: 669.e661-610.

12. Cruz-Martinez R, Savchev S, Cruz-Lemini M, Mendez A, Gratacos E and Figueras F.
Clinical utility of third-trimester uterine artery Doppler in the prediction of brain hemodynamic
deterioration and adverse perinatal outcome in small-for-gestational-age fetuses. Ultrasound
Obstet Gynecol 2015; 45: 273-278.

13. Monaghan C, Binder J, Thilaganathan B, Morales-Rosello J and Khalil A. Perinatal Loss
at Term: The Role of Uteroplacental and Fetal Doppler Assessment. Ultrasound Obstet Gynecol
2017; 10.1002/u0g.17500.

14. MacDonald TM, Hui L, Tong S, Robinson AJ, Dane KM, Middleton AL and Walker SP.
Reduced growth velocity across the third trimester is associated with placental insufficiency in
fetuses born at a normal birthweight: a prospective cohort study. BMC Med 2017; 15: 164.

21

This article is protected by copyright. All rights reserved.



15. Acharya G, Wilsgaard T, Berntsen GK, Maltau JM and Kiserud T. Reference ranges for
serial measurements of umbilical artery Doppler indices in the second half of pregnancy. Am J
Obstet Gynecol 2005; 192: 937-944.

16. Ebbing C, Rasmussen S and Kiserud T. Middle cerebral artery blood flow velocities and
pulsatility index and the cerebroplacental pulsatility ratio: longitudinal reference ranges and
terms for serial measurements. Ultrasound Obstet Gynecol 2007; 30: 287-296.

17. Gomez O, Figueras F, Fernandez S, Bennasar M, Martinez JM, Puerto B and Gratacos E.
Reference ranges for uterine artery mean pulsatility index at 11-41 weeks of gestation.
Ultrasound Obstet Gynecol 2008; 32: 128-132.

18. Del Rio M, Martinez JM, Figueras F, Lopez M, Palacio M, Gomez O, Coll O and Puerto B.
Reference ranges for Doppler parameters of the fetal aortic isthmus during the second half of
pregnancy. Ultrasound Obstet Gynecol 2006; 28: 71-76.

19. Kessler J, Rasmussen S, Hanson M and Kiserud T. Longitudinal reference ranges for
ductus venosus flow velocities and waveform indices. Ultrasound Obstet Gynecol 2006; 28:
890-898.

20. Haugen G, Godfrey K, Crozier S and Hanson M. Doppler blood flow velocity waveforms
in the fetal renal arteries: variability at proximal and distal sites in the right and left arteries.
Ultrasound Obstet Gynecol 2004; 23: 590-593.

21. Customised Weight Centile Calculator-GROW-Centile v.5.12/6.2. www.gestation.net.
22. Figueras F, Savchev S, Triunfo S, Crovetto F and Gratacos E. An integrated model with
classification criteria to predict small-for-gestational-age fetuses at risk of adverse perinatal
outcome. Ultrasound Obstet Gynecol 2015; 45: 279-285.

23. Moraitis AA, Wood AM, Fleming M and Smith GC. Birth weight percentile and the risk
of term perinatal death. Obstet Gynecol 2014; 124: 274-283.

24, Carberry AE, Raynes-Greenow CH, Turner RM, Askie LM and Jeffery HE. Is body fat
percentage a better measure of undernutrition in newborns than birth weight percentiles?
Pediatr Res 2013; 74: 730-736.

25. Pattinson R, Kerber K, Buchmann E, Friberg IK, Belizan M, Lansky S, Weissman E,
Mathai M, Rudan I, Walker N and Lawn JE. Stillbirths: how can health systems deliver for
mothers and babies? Lancet 2011; 377: 1610-1623.

26. Boers KE, Vijgen SM, Bijlenga D, van der Post JA, Bekedam DJ, Kwee A, van der Salm
PC, van Pampus MG, Spaanderman ME, de Boer K, Duvekot JJ, Bremer HA, Hasaart TH,
Delemarre FM, Bloemenkamp KW, van Meir CA, Willekes C, Wijnen EJ, Rijken M, le Cessie S,
Roumen FJ, Thornton JG, van Lith JM, Mol BW and Scherjon SA. Induction versus expectant
monitoring for intrauterine growth restriction at term: randomised equivalence trial (DIGITAT).
Bmj 2010; 341: c7087.

27. Eskes M, Waelput AJM, Scherjon SA, Bergman KA, Abu-Hanna A and Ravelli ACJ. Small
for gestational age and perinatal mortality at term: An audit in a Dutch national cohort study.
Eur J Obstet Gynecol Reprod Biol 2017; 215: 62-67.

28. Savchev S, Figueras F, Cruz-Martinez R, Illa M, Botet F and Gratacos E. Estimated
weight centile as a predictor of perinatal outcome in small-for-gestational-age pregnancies
with normal fetal and maternal Doppler indices. Ultrasound Obstet Gynecol 2012; 39: 299-303.
29. Mifsud W and Sebire NJ. Placental pathology in early-onset and late-onset fetal growth
restriction. Fetal Diagn Ther 2014; 36: 117-128.

22

This article is protected by copyright. All rights reserved.


http://www.gestation.net/

30. Giles WB, Trudinger BJ and Baird PJ. Fetal umbilical artery flow velocity waveforms and
placental resistance: pathological correlation. Br J Obstet Gynaecol 1985; 92: 31-38.

31. Khalil AA, Morales-Rosello J, Morlando M, Hannan H, Bhide A, Papageorghiou A and
Thilaganathan B. Is fetal cerebroplacental ratio an independent predictor of intrapartum fetal
compromise and neonatal unit admission? Am J Obstet Gynecol 2015; 213: 54.e51-10.

32. Cuckle H. Rational and irrational ratios. Ultrasound Obstet Gynecol 2016; 48: 275-278.
33. Gaccioli F, Aye |, Sovio U, Charnock-Jones DS and Smith GCS. Screening for fetal growth
restriction using fetal biometry combined with maternal biomarkers. Am J Obstet Gynecol
2018; 218: S725-s737.

FIGURE LEGENDS

Figure 1: Study Profile

Figure 2: Area under the receiver operator characteristic curve analysis for Doppler
parameters’ prediction of SGA infants.
A. CPR MoM; B. Mean UtA Pl MoM; C. CPUR MoM; D. MCA PI/UtA PI MoM; E. UA Pl x UtA PI

MoM.

AUC=area under the curve; CPR=cerebroplacental ratio (MCA PI/UA PIl); CPUR=cerebral-
placental-uterine ratio (CPR/UtA Pl); MCA=middle cerebral artery; MoM=multiples of the
median; PI=Pulsatility Index; SGA=small-for-gestational-age (birthweight <10" centile);

UA=Umbilical artery; UtA=uterine artery.

Figure 3: Area under the receiver operator characteristic curve analysis for Doppler

parameters’ prediction of FGR.
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A. CPR MoM prediction of birthweight <5 centile; B. Mean UtA Pl MoM prediction of
birthweight <5™ centile; C. CPUR MoM prediction of birthweight <5 centile; D. CPR MoM
prediction of birthweight <3" centile; E. Mean UtA PI MoM prediction of birthweight <3

centile; F. CPUR MoM prediction of birthweight <3™ centile

AUC=area under the curve; CPR=cerebroplacental ratio; CPUR=cerebral-placental-uterine ratio
(CPR/UtA PI); FGR=fetal growth restriction; MoM=multiples of the median; PI=Pulsatility Index;

UtA=uterine artery.

Figures 4A-C: Area under the receiver operator characteristic curve analysis for Doppler
parameters’ association with low third trimester EFW growth velocity (>30 EFW centiles loss
over eight weeks)

A-C - among the whole cohort:

A. CPR MoM; B. Mean UtA Pl MoM; C. CPUR MoM

D-F - among AGA fetuses:

D. CPR MoM; E. Mean UtA Pl MoM; F. CPUR MoM

AGA=appropriate-for-gestational-age (210" centile); AUC=area under the curve;
CPR=cerebroplacental ratio; CPUR=cerebral-placental-uterine ratio (CPR/UtA PI);
EFW=estimated fetal weight; MoM=multiples of the median; PI=Pulsatility Index; UtA=uterine

artery.
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Table 1: Maternal characteristics and delivery outcomes

Total cohort

Infant birthweight

Infant birthweight

(n=347) <10" centile (n=39) | 210" centile (n=308) P

Age (years) 30-9 (4-1) 30-0(3-2) 31-0(4-2) 0-07
Booking BMI (kg/m?) 23-7 [21-5-26-9] 24-0 [20-7-26-8] 23-6 [21-5-26-9] 0-84
Smoking status

Ever smoked 99 (28:6%) 10 (25-6%) 89 (29-0%) 0-85

Never smoked 247 (71-4%) 29 (74-4%) 218 (71-0%)
Preeclampsia 21 (6:1%) 3(7-7%) 18 (5:8%) 0-72
GDM 43 (12:4%) 5(12-8%) 38 (12:3%) 1-00
Onset of delivery

Induction of labour 170 (49-0%) 23 (59:0%) 147 (47-7%) 0-10

Spontaneous labour 150 (43-2%) 11 (28:2%) 139 (45-1%)

No labour 27 (7-8%) 5(12-8%) 22 (7-1%)
Mode of delivery

Normal vaginal delivery 131 (37-8%) 14 (35-9%) 117 (38:0%) 0:75

Instrumental delivery 115 (33-1%) 14 (35-9%) 101 (32:8%)

Emergency caesarean 77 (22:2%) 7 (17-9%) 70 (22:7%)

Elective caesarean 24 (6:9%) 4 (10-3%) 20 (6-5%)
Birthweight (g) 3366 (486-0) 2680 (325-8) 3453 (431-0) <0-0001
Birthweight centile 40-1[18-7-70-5] 5-2 [3-5-7-4] 49.9 [26-7-72-6] <0-0001
GA at birth (weeks) 39-9 [38:9-40-6] 39:3 [37-6-40-4] 39.9 [38:9-40-6] 0-04

Data presented as mean (standard deviation) if normally distributed data, as median

interquartile range] if not normally distributed data, and as number (%) if categorical. BMI =
linterq gel y , (%) g

Body Mass Index; GA = gestational age; GDM = Gestational Diabetes Mellitus. Note: some

percentages do not sum to 100% due to rounding to one decimal place.
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Table 2: Odds ratios for fetal growth restriction with an abnormal Doppler finding

OR for birthweight

Doppler & cut-off <10™ centile P OR for birthweight P OR for birthweight P
(SGA) <5" centile <3" centile

CPR <0:78 MoM 3.7 [1-6-8-4] 0-003 6-0 [2-2-16-3] 0-002 7-6 [1-9-29-7] 0-009

UtA >1:36 MoM 4-8 [2:2-10-4] 0-0002 7-7 [2:9-20-4] 0-0001 16-2 [3-9-67-4] 0-0002

CPUR <0:71 MoM 9-1[4-4-19-1] <0-0001 17-3 [6-2-48-3] <0:0001 57-0 [6-9-467-6] <0-0001

95% Confidence interval provided for each odds ratio (OR). CPR = cerebroplacental ratio; CPUR

= cerebral-placental-uterine ratio (CPR/UtA PI); MoM = multiple of the median; SGA = small-

for-gestational-age; UtA = uterine artery
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Table 3: Predictive performance of CPR, UtA PI, CPUR and EFW at 36 weeks for detecting FGR

Birthweight

cut-off

Parameter

Sensitivity

Specificity

PPV

NPV

<10" centile

(SGA)

CPR <0-78MoM

25-6 [13-0-42-1]

91-5 [87-8-94-4]

27-8 [16-7-42-4]

90-6 [88:9-92-1]

UtA Pl >1-36MoM

34-2 [19-6-51-4]

90-2 [86-3-93-3]

30-2 [19-9-43-1]

91-7 [89-8-93-3]

CPUR <0-71MoM

50-0 [33-4-66-6]

90-1 [86-2-93-2]

38-8 [28-5-50-2]

93-5[91-3-95-2]

EFW <10" centile

20.5[9.3-36.5]

98.7 [96.7-99.7]

66.7 [38.7-86.4]

90.8 [89.3-92.0]

EFW <28™ centile

59.0 [42.1-74.4]

90.3 [86.4-93.3]

43.3 [33.3-54.1]

94.6 [92.3-96.2]

<5 centile

CPR <0-78MoM

36-8[16-3-61-6]

91-1[87-4-93-9]

19-4 [10-9-32-4]

96-1 [94-6-97-2]

UtA Pl >1-36MoM

47-4 [24-5-711]

89:6 [85:7-92-7]

20-9 [13-0-31-9]

96-7 [95-0-97-8]

CPUR <0-71MoM

68-4 [43-5-87-4]

88:9 [84:9-92-1]

26-5[19-0-35-8]

98-0 [96-1-98-9]

EFW <5 centile

26.3[9.2-51.2]

100 [98.9-100]

100%

95.9 [94.7-96.8]

EFW <28™ centile

73.7 [48.8-90.9]

88.1[84.1-91.4]

26.4 [19.4-34.9]

98.3[96.5-99.2]

<3" centile

CPR <0-78MoM

44-4[13-7-78-8]

90-5 [86-8-93-4]

11-1 [5-3-21-8]

98:-4 [97-1-99-1]

UtA Pl >1-36MoM

66-7 [29:9-92-5]

89:0 [85-1-92-1]

14-0 [8-5-22-0]

99:0 [97-5-99-6]

CPUR <0-71MoM

89:0 [51-8-99-7]

87-7 [83-7-91-0]

16-3 [11-9-22-0]

997 [97-9-100-0]

EFW <3" centile

11.1[0.3-48.3]

99.4 [97.9-99.9]

33.3[4.7-83.4]

97.7 [97.1-98.2]

EFW <28™" centile

66.7 [29.9-92.5]

86.1[81.9-89.6]

11.3 [7.0-17.9]

99.0 [97.5-99.6]

95% Confidence interval provided for each value.

CPR = cerebroplacental ratio; CPUR = cerebral-placental-uterine ratio; EFW = estimated fetal

weight; FGR= fetal growth restriction; MoM = multiples of the median; NPV = Negative

Predictive Value; PI = Pulsatility Index; PPV = Positive Predictive Value; SGA = small-for-

gestational-age; UtA = uterine artery
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