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ABSTRACT
Objective To construct monochorionic diamniotic
(MCDA) and dichorionic diamniotic (DCDA) twin
reference ranges for umbilical artery (UA) pulsatility
index (PI), UA resistance index (RI), fetal middle cerebral
artery (MCA) PI and peak systolic velocity (PSV) and
cerebroplacental ratio (CPR) from 24 weeks’ to 38 weeks’
gestation and compare these with published normal
values for singleton pregnancies.
Methods This prospective multicenter cohort study
included 1028 unselected twin pairs recruited over
a 2-year period. Participants with dichorionic twins
underwent fortnightly ultrasound surveillance from 24
weeks’ gestation, with monochorionic twins being
followed every 2 weeks from 16 weeks until delivery.
A total of 7536 fetal Doppler examinations in 618 twin
pregnancies were included in the analysis, with reference
ranges for MCDA and DCDA pregnancies constructed for
each of the Doppler indices using multilevel modeling.
Results UA-PI and UA-RI appear to be higher in twins
than in singletons, and MCA-PI and MCA-PSV appear
to be lower. The CPR also appears to be lower in twins
than in singletons. Similar MCA indices were observed in
MCDA and DCDA twins.
Conclusion We have established longitudinal reference
ranges for UA-PI and UA-RI, MCA-PI and MCA-PSV
and CPR in twin pregnancies, which appear to differ from
those in singleton pregnancies. The derived twin-specific
reference ranges may be more appropriate in the
surveillance of these high-risk pregnancies. Applying the

singleton CPR cut-off of ≤ 1.0 may lead to a large number
of false-positive diagnoses of cerebral redistribution in
twin fetuses. Copyright © 2014 ISUOG. Published by
John Wiley & Sons Ltd.

INTRODUCTION
Umbilical artery (UA) Doppler ultrasonography is an
important tool in the assessment of high-risk pregnancies,
in particular singleton pregnancies affected by vasculopathy and growth restriction1 , but also in twin pregnancies affected by placental insufficiency2 . A meta-analysis
of randomized controlled trials of UA Doppler indices in
high-risk pregnancies showed that clinical actions guided
by Doppler ultrasound reduced the odds of perinatal
death by 38%3 . Studies from the 1980s suggest that the
umbilical systolic and diastolic ratios measured throughout gestation are similar in twins and singletons4,5 .
More recent studies constructing references ranges for
either UA or fetal middle cerebral artery (MCA) indices
(or both) have been conducted in singletons and have
generally used cross-sectional data, making comparison
with longitudinal data difficult6 – 10 . Many are population
specific or are based on small sample sizes11 – 14 . It is
unclear whether normal singleton Doppler ranges are
appropriate for use in twin pregnancies.
Perinatal mortality and morbidity in twins is 3–7 times
greater than in singletons15 . Considering monochorionic
diamniotic (MCDA) and dichorionic diamniotic (DCDA)
twins separately, perinatal mortality is 11.6% in MCDA
twins and 5% in DCDA twins. MCDA twins are at
increased risk for fetal death, necrotizing enterocolitis
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and neuromorbidity16 . Sebire et al.17 found that growth
restriction (<5th centile) occurred in one fetus in 34% of
MCDA twin pregnancies and in both fetuses in 8%. The
incidence of growth restriction in DCDA twins was less, at
23% and 2% for one or both fetuses, respectively. It has
been hypothesized that this may be because dichorionic
placentae experience less ‘placental crowding’ than do
monochorionic placentae18 . A meta-analysis by Giles19
of three randomized controlled trials in twin pregnancies
showed that Doppler ultrasound was associated with a
reduction in unexplained fetal death in utero20 – 22 . As
twin biometric parameters for size are frequently plotted
on singleton nomograms this may lead to errors in weight
estimation, with the potential for growth restriction in
one or both twins going undetected23 .
The purpose of this study was to establish longitudinal
gestational age-dependent references ranges for UA
pulsatility index (PI) and resistance index (RI), MCA-PI
and peak systolic velocity (PSV) and cerebroplacental
ratio (CPR) in a normal twin population from 24 to
38 weeks’gestation and to compare these with singleton
Doppler normal ranges.

METHODS
The prospective Evaluation of Sonographic Predictors of
Restricted growth in Twins (ESPRiT) study was conducted
in eight academic centers in Ireland from May 2007 to
October 2009. Institutional review board approval was
obtained at each participating site and the study participants gave written informed consent. All patients meeting
the inclusion criteria were subject to a program of intensive fetal surveillance carried out by dedicated research
sonographers using standardized ultrasonographic equipment (GE Voluson Expert 730; GE Healthcare Ultrasound, Milwaukee, WI, USA). Inclusion criteria for the
study were all diamniotic twin pregnancies enrolled before
22 weeks’ gestation with both fetuses alive, intact membranes at 24 weeks and without major structural anomalies or chromosomal abnormalities24 . For this secondary
analysis of the study, the authors focused on normal pregnancies and excluded those fetuses with ≥ 18% weight
discordance at birth, those twin pairs in which either twin
weighed less than the 5th centile at birth, and study participants with pregestational diabetes, gestational hypertension, chronic hypertension and pre-eclampsia. Smoking,
a history of placental abruption during the pregnancy or
at delivery, intrauterine fetal death in either fetus and
twin-to-twin transfusion syndrome (TTTS) were additional exclusion criteria, as including these complicated
maternal and fetal cases in the analysis may have led to too
many anomalous observations. UA and MCA Doppler
waveforms and routine biometry were recorded every
2 weeks. All prenatal and ultrasonographic data were
contemporaneously transferred to an ultrasonography
software system and uploaded onto a live web-based
central consolidated database. At the first ultrasound
assessment the fetus contained in the sac that was closest
to the cervix was identified as Twin 1. Twin 1 and Twin 2
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were then labeled according to either laterality (left/right)
or vertical orientation (top/bottom). This information was
recorded at the initial examination and at each subsequent
examination to ensure that the biometry and Doppler
measurements were assigned to the correct twin.
Pulsed-wave Doppler UA and MCA studies were
performed using GE Voluson 730 Expert ultrasound
machines at each of the research sites. All recordings
were obtained during fetal quiescence. At least five
reproducible waveforms were analyzed for each fetus
at each examination. For both the UA and MCA values,
an average of three consecutive automated measurements
was recorded for each of the indices. Doppler parameters
derived from flow velocity waveforms were the UA-PI and
RI and the MCA-PI and PSV. A mid-segment of a free
loop of umbilical cord was chosen as the site of insonation
for recording the UA-PI and RI, as described by Acharya
et al.6 . An angle of insonation of less than 15◦ and as close
to zero as possible was used. Measurements of the MCA
indices were performed as reported previously by Mari
et al.25 . An axial section of the fetal brain was obtained at
the level of the cavum septi pellucidi and thalamus. The
circle of Willis was identified with color-flow Doppler. The
vessel nearest the transducer was studied with the angle of
insonation close to 0◦ between the ultrasound beam and
the direction of blood flow. The MCA was sampled close
to its origin from the internal carotid artery, ideally in the
proximal one third of the MCA. Regular submission of
Doppler waveform images to a central quality-assurance
committee by each of the eight research sonographers at
each of the Perinatal Ireland centers was a mandatory
part of our quality-assurance program24 .
The CPR was calculated as the ratio of MCA-PI
to UA-PI. MCDA and DCDA twins were analyzed
separately. Random coefficient regression models (multilevel models) were used to determine the means and
centiles of the Doppler parameters. Two sets of random
coefficients were fitted to each Doppler parameter:
maternal (twin-pair) trends and fetal trends within a
twin-pair. These models allowed an individual fetus
to follow its own trajectory while also allowing for
correlations between fetuses within a twin-pair. Estimates
of variances and covariances were therefore obtained at
three levels: within-fetus across time, between fetuses in a
twin-pair and between twin-pairs. To remove the effect of
skewness in the data and achieve approximate normality
of residuals, Box–Cox transformations were performed
on the data. Fractional polynomials were used in the
random coefficient models to construct mean curves
according to gestational age. Likelihood-based information criteria were used to determine the optimal model.
Similar models have been used for longitudinal Doppler
data in singleton pregnancies6,26 . Linear random effects
(intercept and slope) were specified for the maternaland fetal-level departures from the mean model, with an
unstructured variance–covariance matrix. Models with
more than two coefficients were not considered in order
to keep the number of variance–covariance parameters at
a minimum. Model-checking included normality checks
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of each source of random variation. SAS® Version 9.1
(SAS Institute Inc., Cary, NC, USA) was used for data
management, SAS PROC MIXED being used to fit the
random coefficient models.

RESULTS
The ESPRiT study recruited 1028 twin pairs, and
outcome data were recorded for 977 of them. Previable
single or dual death occurred in 24 twin pairs. A total
of 618 patients met the inclusion criteria. The excluded
pregnancies comprised 14 cases of TTTS, 114 smokers,
87 cases of pregnancy-induced hypertension and 105
patients with gestational diabetes, placental abruption
or small-for-gestational-age neonate (<5th centile). Some
cases had more than one exclusion criterion leading to
661 patients being eligible for analysis, of whom 618 had
either UA or MCA Doppler measurements performed. In
total, 7536 fetal Doppler examinations were analyzed.
The median number of MCA Doppler examinations
(visits) per twin-pair was four, while the median number
of UA examinations was six. A further breakdown of the
number of examinations according to gestational age is
provided in Tables S1–S5 online. The median gestational
at delivery was 37 + 1 (interquartile range, 35 + 5 to

37 + 6) weeks. UA and MCA Doppler measurements
were recorded on 110 MCDA and 508 DCDA twin pairs.
Details of the fitted multilevel models are provided in
Appendix S1 online.
Estimated centiles for UA-PI are presented in Table
S1 and Figure 1 and estimated centiles for UA-RI are
presented in Table S2 and Figure 1. Both MCDA and
DCDA twins displayed similar linear profiles in the UA
parameters. All centiles for UA-PI and UA-RI appear to
be shifted slightly higher in MCDA than in DCDA twins.
Estimated centiles for MCA-PI are presented in Table S3
and Figure 2 and estimated centiles for MCA-PSV are
presented in Table S4 and Figure 2, with MCDA and
DCDA twins displaying similar non-linear profiles in their
MCA parameters. This suggests that one reference range
may be suitable in normal twin pregnancies for both
MCDA and DCDA twins. Estimated centiles for CPR
are presented in Table S5 and Figure 2. The CPR has a
similar quadratic curvature in MCDA and DCDA twins.
Given the similar study designs (longitudinal data)
and statistical analyses in Acharya et al.6 and Ebbing
et al.26 , these studies were used for our analyses as
singleton comparators. Comparisons of the 5th , 50th and
95th centiles are presented in Figure 3 for DCDA twins
only. UA-PI appears to be consistently elevated in twins
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Figure 1 Reference ranges for umbilical artery (UA) pulsatility index (PI) (a,b) and resistance index (RI) (c,d) in dichorionic diamniotic (a,c)
and monochorionic diamniotic (b,d) twins. Lines show 5th , 10th , 50th , 90th and 95th percentiles.
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Figure 2 Reference ranges for middle cerebral artery (MCA) pulsatility index (PI) (a,b), MCA peak systolic velocity (PSV) (c,d) and
cerebroplacental ratio (CPR) (e,f) in dichorionic diamniotic (a,c,e) and monochorionic diamniotic (b,d,f) twins. Lines show 5th , 10th , 50th ,
90th and 95th percentiles.

relative to singletons from early in gestation. In Acharya
et al.6 (Figure 1 in their paper), only four singletons had
a UA-PI > 1.5 after 26 weeks’ gestation; these may have
been considered outliers. This contrasts with the data
for twins, in which observations of UA-PI > 1.5 were
relatively common after 26 weeks, despite an overall decrease across gestation. Difficulties in these
comparisons, however, are compounded by differences in
sample sizes in prior studies. It is possible that the larger
sample in our twin study permitted the observation of a
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wider range of values and consequently that the UA-PI distribution is better characterized in our study population.
The MCA-PI appears to be lower in twins than
in singletons, with this pattern consistent for the 5th ,
50th and 95th centiles. There is a notable decrease in
MCA-PI in twins after 28 weeks’ gestation (Figure 3).
Preterm delivery of twins was not a factor in these
differences, since a subanalysis restricted to twin
pregnancies that were delivered after 37 weeks gave
similar centile curves. The MCA-PSV was also lower in
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Figure 3 Comparison of reference ranges (5th , 50th and 95th percentiles) of Doppler indices for dichorionic diamniotic twins (
, present
) and Acharya et al.6 (
): (a) umbilical artery (UA) pulsatility
study) with those for singleton pregnancies published by Ebbing et al.26 (
index (PI), (b) UA resistance index (RI), (c) middle cerebral artery (MCA) PI, (d) MCA peak systolic velocity (PSV) and (e) cerebroplacental
ratio (CPR).

twins than in singletons. Given the decreased MCA-PI and
elevated UA-PI levels, it is therefore not surprising that
we found the CPR (the ratio of the two) to be lower in
twins than in singletons.

DISCUSSION
The higher UA-PI values found in our twin study population in comparison with singletons may be related to the
lower placental index (placental weight divided by birth
weight) in twins relative to singletons. Kloosterman’s
research group27 found the mean placental weight of
twins to be lower from 22 weeks to term in twins than
in singletons and the mean birth weight of twins was also
lower from 32 weeks onwards, leading to the theory that
the placenta may limit fetal growth in twins28 . As UA
Doppler velocimetry is known to vary with birth weight
and placental size6 , this could explain the higher PI values
in our sample.
Some studies constructing normative values for MCA
indices in singletons have used very narrow gestational
age ranges, in which significant technical challenges may
exist for the sonographer in obtaining the measurements,
particularly at a very early gestational age such as
11–22 weeks, as in the studies of Tongsong et al.29 and
Rujiwetpongstorn and Phupong30 . Dashe et al.31 , in their
sample of 48 largely uncomplicated twin pregnancies at
28–32 weeks’ gestation, found that the MCA-PSV was
comparable with that of singletons. Values were similar
between MCDA and DCDA pregnancies and between
twins within each pair. Again, a very narrow gestational
age range was considered in this study, and many cases of
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TTTS may have manifested themselves before 28 weeks.
Klaritsch et al.14 constructed longitudinal reference
ranges for MCA-PSV in a small number of uncomplicated
MCDA twins (50 pregnancies) and found similar results
to the singleton reference ranges of Ebbing et al.26 in the
second half of pregnancy. These twin studies had small
sample sizes and may not reflect the greater variability in
MCA-PI and PSV as demonstrated in our large sample.
Figueras et al.32 questioned the clinical applicability of MCA-PI, given that interobserver reliability
in the measurement of end-diastolic flow velocities
and time-averaged maximum MCA flow velocities in
singletons is only moderate. Previous research by the
ESPRiT study group found that there was a significant
fall in MCA acquisition beyond 34 weeks (correlation
coefficient 0.169, P < 0.001). They also found that the
frequency of successful MCA acquisition was higher for
the non-presenting fetus than for the presenting fetus33 .
Despite these study limitations, which can be attributed
to fetal crowding and difficult fetal position, a large
number and distribution of MCA values were recorded,
generating robust data.
Intraobserver and interobserver variability for measurement of MCA-PSV among trained operators has been
found to be between 2.3% and 4%25 , although the variability may be higher in multiple gestations owing to
fetal movement, particularly at earlier gestations, and
sometimes inadvertent pressure on the probe by the
operator because of a difficult fetal head position or
poor maternal tissue penetration34 . Fetal behavioral states
influence the fetal cerebral hemodynamic pattern, with a
significant decrease in MCA-PI during fetal activity, this
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decrease being more marked in the proximal portion
of the MCA35 . Variations in amniotic fluid volume and
increased probe pressure have also been found to alter
MCA measurements36 ; singletons with polyhydramnios
have significantly lower MCA-PI than do those with normal amniotic fluid37 . Rizzo et al.38 , in their series of
DCDA and MCDA twins discordant for fetal growth,
also reported that trends in serial Doppler parameters
may differ depending on the underlying pathophysiological mechanisms of the growth restriction. In our sample
we excluded growth-restricted fetuses and those with evidence of TTTS. This may explain the similar MCA indices
between MCDA and DCDA twins in our sample.
Some researchers have suggested that the CPR is not
a useful parameter for predicting fetal hypoxia in severe
early-onset intrauterine growth restriction (IUGR) in singletons, as nearly all growth restricted fetuses will show an
abnormal CPR (CPR ≤ 1)39 . The role of CPR is thought
to be better suited to the late-onset IUGR fetus in the
setting of normal UA Doppler40 . Similarly, using a cut-off
for CPR of ≤ 1 in twins would call into question its clinical applicability, as the 5th centile for CPR for our twin
nomograms (Table S5) is between 0.8 and 1.12, suggesting cerebral redistribution at almost all gestations in
both MCDA and DCDA twins. Although Gaziano et al.41
found that the CPR was superior to UA-RI and MCA-RI in
predicting adverse neonatal outcome in twins, their study
was limited to 75 infants from twin pregnancies in which
Doppler variables were assessed just 3 weeks before delivery. There have been no studies to date assessing neonatal
outcomes and serial trends of CPR in twin pregnancies.
A potential limitation of this study is the number of
sonographers (eight) and their varying levels of experience
(5–15 years). Restricting the number of sonographers to
one or two, while decreasing any potential interobserver
variability, would have been likely to significantly limit
the study numbers. It is acknowledged that the exclusion
of those subjects in this study with hypertension,
pre-eclampsia or diabetes may have led to the creation
of supernormal ranges, as described by Acharya et al.6 .
This may be less pertinent in multiple pregnancies, which
are a high-risk group that carry a greater risk of maternal
and fetal complications that may then lead to impaired
uteroplacental blood flow. Pre-eclampsia and maternal
smoking have been found to be significantly correlated
with the occurrence of absent/reversed end-diastolic flow
(AREDF) velocity in the UA42 . Pregnancies complicated
by IUGR and/or hypertension have been found to have
the highest risk of developing AREDF in the UA43 .
This is the first study of its kind to establish longitudinal
reference ranges for UA-PI and RI, MCA-PI and PSV and
CPR in a large twin population from 24 weeks’ to 38
weeks’ gestation. Further large prospective studies may
be required to confirm the validity of these individual
reference ranges. It is the intention of the authors to
validate the use of these twin Doppler nomograms in
a future study by examining the potential impact on
perinatal outcome of applying them to our twin study
population.
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SUPPORTING INFORMATION ON THE INTERNET
The following supporting information may be found in the online version of this article:
Appendix S1 Statistical modeling
Tables S1–S5 Reference ranges for variation with gestational age of umbilical artery pulsatility index
(Table S1), umbilical artery resistance index (Table S2), middle cerebral artery pulsatility index (Table S3),
middle cerebral artery peak systolic velocity (Table S4) and cerebroplacental ratio (Table S5) in
monochorionic diamniotic and dichorionic diamniotic twins
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