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mies 21 and 18 and 70% of cases of trisomy 13. In screening 
for trisomy 21 by maternal age, NT and biochemistry at a risk 
cutoff of 1 in 100, the detection rate was 89.7% and false 
positive rate was 2.74%; with addition of DV PIV, the values 
were 93.5 and 1.63%, respectively.    Conclusions:  Measure-
ment of DV PIV improves the performance of first-trimester 
combined test for aneuploidies.

 Copyright © 2012 S. Karger AG, Basel 

  Introduction 

 Increased impedance to flow in the fetal ductus veno-
sus (DV) at 11–13 weeks’ gestation is associated with fetal 
aneuploidies, cardiac defects and other adverse pregnan-
cy outcomes  [1] . Most studies examining DV flow have 
classified the waveforms as normal when the a-wave ob-
served during atrial contraction is positive or abnormal 
when the a-wave is absent or reversed  [2–5] . The preferred 
alternative in the estimation of patient-specific risks for 
pregnancy complications is measurement of the pulsatil-
ity index for veins (PIV) as a continuous variable. How-
ever, this measurement has been limited because its dis-
tribution is not Gaussian. A study examining the poten-
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 Abstract 

  Objective:  To assess the value of ductus venosus pulsatility 
index for veins (DV PIV) in screening for aneuploidies at 11–13 
weeks’ gestation.  Methods:  Fetal DV PIV was measured in 
singleton pregnancies undergoing first-trimester screening 
for aneuploidies. In euploid (n = 44,756) and aneuploid (202 
cases of trisomy 21, 72 cases of trisomy 18 and 30 cases of 
trisomy 13) fetuses, DV PIV was best described by a mixture 
model of distributions. Performance of screening for aneu-
ploidies by DV PIV alone and in combination with fetal nu-
chal translucency (NT) thickness and serum free  � -hCG and 
PAPP-A was estimated.    Results:  In euploid pregnancies 
there was a bimodal distribution of DV PIV with a dominant 
crown-rump length (CRL)-dependent part, accounting for 
around 97% of cases in Caucasians and around 93% in Afro-
Caribbeans, and a smaller CRL-independent distribution. In 
aneuploidies the dominant part was the CRL-independent 
distribution, which accounted for around 85% cases of triso-
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tial value of DV PIV in first-trimester screening for 
trisomy 21 demonstrated that in order to apply a Gauss-
ian risk algorithm to log-transformed DV PIV multiple 
of the median (MoM) values for trisomy 21 and unaf-
fected pregnancies, it was necessary to apply truncation 
limits which resulted in the exclusion of more than half 
of the data  [6] .

  We have observed that in both euploid and aneuploid 
pregnancies there is a bimodal distribution of DV PIV, 
which is analogous to the mixture model of distributions 
of nuchal translucency (NT) thickness  [7] . Fetal NT fol-
lows two distributions, one in which NT increases with 
crown-rump length (CRL) and another which is CRL-
independent. The distribution in which NT increases 
with CRL is observed in about 95% of euploid and in 5, 
30 and 15% of trisomies 21, 18 and 13, respectively. In 
contrast, the proportion of cases in which NT does not 
change with CRL is, firstly, small for euploid and large for 
aneuploid pregnancies and, secondly, the median NT is 
different, being 2.0 mm for the euploid group and 3.4, 5.5 
and 4.0 mm for trisomies 21, 18 and 13, respectively  [7] . 
This mixture model of NT distributions, which is com-
patible with our understanding of the pathophysiology of 
increased NT in both euploid and aneuploid fetuses has 
provided accurate patient-specific risks and a high per-
formance in screening for aneuploidies  [7] .

  In this paper we present a mixture model for DV PIV 
and screening performance for trisomy 21 achieved from 
this model in combination with fetal NT and serum free 
 � -hCG and PAPP-A in a large database derived from 
screening for aneuploidies at 11–13 weeks’ gestation.

  Methods 

 Study Population 
 In this study we present the results of analysis of prospectively 

collected data on DV PIV at 11–13 +6  weeks’ gestation from single-
ton pregnancies undergoing screening for aneuploidies at Univer-
sity College London Hospital and King’s College Hospital, UK, 
between March 2006 and November 2010.

  Maternal weight and height were measured. Maternal charac-
teristics and medical history were recorded in computer databas-
es. Patients were asked to complete a questionnaire on maternal 
age, racial origin (Caucasian, Afro-Caribbean, South Asian, East 
Asian and mixed), method of conception (spontaneous or assisted 
conception requiring the use of ovulation drugs or in vitro fertil-
ization), cigarette smoking during pregnancy (yes or no), pre-ex-
isting diabetes mellitus (type 1, type 2 or no) and obstetric history 
including parity. The questionnaire was then reviewed by a doctor 
together with the patient.

  A maternal blood sample was analyzed within 10 min of col-
lection for measurement of serum PAPP-A and free  � -hCG using 

automated machines that provide reproducible results (DELFIA 
Xpress system; PerkinElmer Life and Analytical Sciences, 
Waltham, Mass., USA). An ultrasound scan was carried out 
transabdominally to firstly determine gestational age from the 
measurement of the fetal CRL, secondly to measure fetal NT 
thickness, thirdly to examine the fetal anatomy for the diagnosis 
of major fetal defects and fourthly to measure DV PIV  [5, 8–10] .

  The patient-specific risks for trisomies 21, 18 and 13 were es-
timated from a combination of maternal age, serum free  � -hCG 
and PAPP-A and fetal NT  [11] . Women considering their risks to 
be high were offered chorionic villus sampling or amniocentesis 
for fetal karyotyping. Karyotype results and details on pregnancy 
outcomes were added into the database as soon as they became 
available.

  In this study we examine the distribution of DV PIV in fetus-
es with aneuploidies and normal pregnancies. In the normal 
group we include pregnancies that were euploid or resulted in the 
birth of phenotypically normal neonates. We excluded pregnan-
cies that developed preeclampsia and those resulting in stillbirth 
or delivery of small for gestational age neonates. The definition of 
preeclampsia was that of the International Society for the Study 
of Hypertension in Pregnancy  [12] . The birth weight percentile 
for gestation at delivery was calculated using a reference range 
derived from our population and the neonate was considered to 
be small for gestational age if the birth weight was below the 5th 
percentile  [13] .

  Measurement of DV PIV 
 In the DV studies the following criteria were fulfilled  [14] : (1) 

the examinations were undertaken during fetal quiescence; (2) 
the magnification of the image was such that the fetal thorax and 
abdomen occupied the whole screen; (3) a right ventral mid-sag-
ittal view of the fetal trunk was obtained and color flow mapping 
was used to demonstrate the umbilical vein, DV and fetal heart; 
(4) the pulsed Doppler sample was small (0.5–1.0 mm) to avoid 
contamination from the adjacent veins and it was placed in the 
yellowish aliasing area which is the portion immediately above 
the umbilical sinus; (5) the insonation angle was less than 30°; (6) 
the filter was set at a low frequency (50–70 Hz) to allow visualiza-
tion of the whole waveform, and (7) the sweep speed was high (2–3 
cm/s) so that the waveforms were widely spread. The DV PIV was 
measured by the machine after manual tracing of the outline of 
the waveform.

  Statistical Analysis 
 Comparison of Groups in the Study Population 
 Comparison between outcome groups was done by a Kruskal-

Wallis test with post hoc Bonferroni correction for continuous 
variables and  �  2  test or Fisher’s exact test with post hoc Bonfer-
roni correction for categorical variables.

  Two-Component Mixture Model 
 In normal pregnancies it is assumed that DV PIV arises from 

a mixture of two Gaussian distributions: firstly, a proportion 
(1 – p) in which there is a quadratic relation between mean ( �  o ) 
and CRL [ �  0  =  �  0  +  �  1 CRL +  �  2 CRL 2  +  �  3  (racial group = Afro-
Caribbean)] with a constant standard deviation ( �  0 ), and second-
ly, a proportion (p) in which DV PIV arises from a distribution 
with a substantially higher mean  �  1 , independent of CRL, and SD 
of  �  1 .
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  In each aneuploidy (trisomy 21, 18, and 13) it is assumed that 
DV PIV also arises from a mixture of two Gaussian distributions: 
firstly, a proportion (1 – p aneuploidy ) with the same CRL-dependent 
distribution as in euploid pregnancies, and secondly, an aneuploi-
dy-specific proportion (p aneuploidy ) in which DV PIV arises from a 
distribution with a substantially higher mean  �  aneuploidy  than  �  o  
and standard deviation of  �  aneuploidy . The proportions p aneuploidy  
defining the mixture, and the mean and standard deviation of the 
CRL-independent component differ according to aneuploidy (tri-
somy 21, 18 and 13).

  For euploid pregnancies the CRL-dependent component dom-
inates and p is close to 0 whilst for the aneuploidies the CRL-de-
pendent component is uncommon and p is close to 1. In euploid 
pregnancies p is dependent on CRL and racial origin according to 
a logistic regression model. In this model CRL was centered by 
subtraction of 65.

  We assume that variation between operators is represented by 
random effects acting additively on DV PIV with mean 0 and 
standard deviation  �  op . The degree of heterogeneity between op-
erators is reflected in the magnitude of  �  op .

  The mixture model was fitted within a Bayesian framework 
using Markov chain Monte Carl implemented in WInBUGS  [15]  
with vague priors. Details are available on request from the au-
thors.

  Assessment of Screening Performance 
 Standardized detection rates and false positive rates of screen-

ing by serum free  � -hCG and PAPP-A, fetal NT and DV PIV, 
separately and in combination, at different risk cutoffs were esti-
mated. Standardized rates were produced by first calculating age-
specific detection rates and false positive rates and then weighting 
them according to the maternal age distributions of affected and 
unaffected pregnancies in England and Wales in 2002  [16] . Con-
fidence intervals for detection rates and false positive rates were 
obtained by bootstrapping.

  In these calculations the following steps were taken to produce 
patient-specific risk of trisomy 21. First, the maternal age-related 
risk at term was calculated and adjusted according to the gesta-
tional age at the time of screening. Second, the likelihoods of nor-
mal and trisomy 21 pregnancies for given NT were obtained from 
the mixture model for NT  [7] . Third, the likelihoods for given DV 
PIV were obtained from the model presented in this paper. Fourth, 
the measured free  � -hCG and PAPP-A were converted into MoM 
for gestational age adjusted for maternal weight, racial origin, 
smoking status, method of conception, parity and machine for the 
assays  [17] . Fifth, bivariate Gaussian distributions were used for 
the distribution of log MoM free  � -hCG and log MoM PAPP-A in 
normal and trisomy 21 pregnancies. Sixth, the likelihoods for 
normal and trisomy 21 pregnancies for given NT, DV PIV and 
biochemical markers were assumed to be independent condition-
ally on outcome. Their product was then combined with the prior 
distribution over the possible outcomes using Bayes theorem to 
form a posterior risk.

  Results 

 Characteristics of the Study Population 
 During the study period, we examined 50,804 single-

ton pregnancies. We excluded 2,586 (5.1%) cases because 
they had missing outcome data (n = 1,671) or the fetal 
karyotype was not known and the pregnancies resulted 
in termination, miscarriage or stillbirth (n = 915).

  In the study population of 48,218 cases there were 
47,830 (99.2%) with normal fetal karyotype or the birth 
of a phenotypically normal neonate (euploid group) and 
388 (0.8%) cases with prenatal diagnosis of fetal trisomy 

Table 1.  Characteristics of the study population

Characteristics Normal
(n = 44,756)

Trisomy 21
(n = 202)

Trisomy 18
(n = 72)

Trisomy 13
(n = 30)

Maternal age in years, median (IQR) 32.1 (27.9–35.6) 38.1 (35.0–40.2)** 37.8 (33.8–41.1)** 34.7 (29.1–38.2)**
Maternal weight in kg, median (IQR) 65.0 (59.0–75.0) 65.0 (60.0–72.3) 66.7 (59.5–77.6) 70.0 (63.5–82.8)
Spontaneous conception, n (%) 43,185 (96.5) 179 (88.6)* 61 (84.7)* 27 (90.0)
Smoker, n (%) 3,248 (7.3) 14 (6.9) 5 (6.9) 1 (3.3)
Racial origin, n (%)

Caucasian 32,068 (71.6) 172 (85.1) 52 (72.5) 25 (83.3)
Afro-Caribbean 8,062 (18.0) 21 (10.4)* 15 (20.8) 4 (13.3)
South Asian 2,190 (4.9) 2 (1.0) 4 (5.6) 1 (3.3)
East Asian 1,186 (2.6) 4 (2.0) 0 0
Mixed 1,251 (2.8) 3 (1.5) 1 (1.4) 0

CRL in mm, median (IQR) 63.4 (58.4–68.7) 64.0 (58.6–70.0) 55.4 (50.0–60.6)** 58.0 (53.2–61.9)**
Delta NT in mm, median (IQR) 0.20 (0.00–0.42) 2.16 (1.15–3.71)** 3.84 (0.82–6.13)** 1.23 (0.55–4.96)**
Serum PAPP-A in MoM, median (IQR) 1.04 (0.71–1.47) 0.56 (0.35–0.83)** 0.21 (0.13–0.37)** 0.25 (0.17–0.41)**
Serum free �-hCG in MoM, median (IQR) 0.98 (0.66–1.47) 2.06 (1.37–3.00)** 0.19 (0.12–0.30)** 0.49 (0.39–0.77)**

* p < 0.05; ** p < 0.01.
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21 (n = 202), trisomy 18 (n = 72), trisomy 13 (n = 30) or 
other aneuploidy (Turner syndrome, n = 25; triploidy, 
n = 20; sex chromosome aneuploidies, mosaicisms, dele-
tions or translocations, n = 39). The observed number of 
trisomies 21, 18 and 13 was not significantly different 
from the expected  [18]  on the basis of maternal age and 
gestational age at the time of screening (trisomy 21 ex-
pected 199.8, p = 0.88; trisomy 18 expected 81.8, p = 0.28; 
trisomy 13 expected 26.1, p = 0.44).

  In the euploid group there were 44,756 (93.6%) cases 
with normal pregnancy outcome (normal group) and 
3,074 (6.4%) that developed preeclampsia and/or deliv-
ered small for gestational age neonates. The characteris-
tics of the normal group and the cases of trisomies 21, 18 
and 13 are presented in  table 1 .

  Mixture Model 
 Probability plots of log MoM DV PIV in normal, tri-

somy 21, trisomy 18 and trisomy 13 pregnancies showed 
substantial departures from Gaussian distributions 
( fig. 1 ).

  The fitted mixture model is described in  table 2  and 
 figure 2 . In the normal pregnancies, the dominant part 
of the mixture was the CRL-dependent Gaussian distri-
bution which accounted for about 97% of cases in Cauca-
sians and 93% in Afro-Caribbeans. In contrast, in all an-
euploid pregnancies the dominant part of the mixture 
was the CRL-independent Gaussian distribution, which 
accounted for about 85% of cases with trisomies 21 and 
18 and 70% of trisomy 13. However, because of relatively 
small numbers there is considerable uncertainty about 
the mixing proportions for the cases of trisomies 18 and 
13. There was little evidence of any difference in the stan-
dard deviations of the CRL-independent distributions for 
normal, trisomy 21 or trisomy 13 outcomes. These were 
constrained to be the same in the final model presented 
in  table 2 .

  In the implementation of the mixture model it is nec-
essary to incorporate truncation limits to prevent mis-
leading results at extreme values and ensure that the like-
lihood ratios are a monotonic function of DV PIV. The 
lower truncation limits for DV PIV, which depend on 
CRL and racial origin, were set at the point where the 
likelihood ratios (unaffected/affected) reach their maxi-
ma. We truncated the upper limits on the basis of the 90th 
percentile of the CRL-independent process in trisomy 21, 
which occurs at a DV PIV of 2.45.  Figure 3  shows the like-
lihood ratios (unaffected/affected) for Afro-Caribbean 
and other racial origins at a CRL of 65 mm. It is notable 
that larger DV PIV are associated with lower risks in Af-
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  Fig. 1.  Gaussian probability plots of log MoM values for DV PIV in 
normal (black), trisomy 21 (red), trisomy 18 (purple) and trisomy 
13 (green) pregnancies (colors refer to the online version only). 

Table 2.  Fitted mixture model for DV PIV

Parameter Estimate 95% CI

CRL-dependent
Intercept (�0) 0.6977 0.6238, 0.7708
Coefficient of CRL (�1) 0.01189 0.00960, 0.01418
Coefficient of CRL2 (�2) –0.0001036 –0.0001212, 

–0.0000859
Afro-Caribbean race (�3) 0.01768 0.01404, 0.02139
Standard deviation (�0) 0.1475 0.1464, 0.1487

CRL-independent
Logistic model intercept for mixture proportion

Intercept (�0) –3.3670 –3.4620, –3.2730
Coefficient of CRL-65 (�1) –0.02474 –0.03260, –0.01701
Afro-Caribbean race (�2) 0.8684 0.7494, 0.9890
Mean (�1) 1.5610 1.5210, 1.6030
Standard deviation (�1) 0.5009 0.4824, 0.5192

Trisomy 21
Proportion (pT21) 0.8682 0.7915, 0.9411
Mean (�T21) 1.8340 1.7420, 1.9240
Standard deviation (�T21) 0.5009 0.4824, 0.5192

Trisomy 18
Proportion (pT18) 0.8327 0.6791, 0.9998
Mean (�T18) 2.0780 1.8010, 2.3590
Standard deviation (�T18) 0.9004 0.7489, 1.0870

Trisomy 13
Proportion (pT13) 0.7819 0.5150, 1.0000
Mean (�T13) 1.7280 1.4510, 2.0140
Standard deviation (�T13) 0.5009 0.4824, 0.5192

Operator standard deviation (�op) 0.0354 0.0317, 0.0395
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  Fig. 3.  Relationship between DV PIV and 
likelihood ratio for trisomy 21 (red), tri-
somy 18 (purple) and trisomy 13 (green) in 
Caucasian (left) and Afro-Caribbean 
(right) racial origin (colors refer to the on-
line version only). 
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ro-Caribbeans than in other races. This reflects the fact 
that in Afro-Caribbean women such values occur more 
frequently in unaffected pregnancies.

  There was good agreement between the observed and 
expected number of trisomy 21 pregnancies obtained by 

cumulative risk estimated from the mixture model of DV 
PIV ( fig.  4 ). In contrast, the previously reported MoM 
model  [6]  was associated with a substantial underestima-
tion of risk ( fig. 4 ).

  Performance of Screening 
 The relationship between NT thickness and DV PIV 

in euploid and trisomy 21 pregnancies is shown in  fig-
ure 5 . In 184 (91.1%) of the 202 cases of trisomy 21, the 
values were outside an ellipse that contained 97% of the 
euploid pregnancies. Although most fetuses with trisomy 
21 had an increase in both NT thickness and DV PIV, 
there were some where only NT thickness or DV PIV was 
increased.

  Standardized detection rates and false positive rates of 
screening for trisomy 21 by serum biochemistry, fetal NT 
and DV PIV, separately and in combination, at different 
risk cutoffs are shown in  table 3 . Addition of DV PIV to 
the combined test was associated with an increase in de-
tection rate and decrease in false positive rate at all risk 
cutoffs.

  Discussion 

 Effective first-trimester screening for trisomy 21 is pro-
vided by a combination of maternal age, fetal NT thick-
ness and maternal serum free  � -hCG and PAPP-A, with 
an estimated detection rate of about 90% at a false positive 
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numbers of trisomy  21 pregnancies ob-
tained from the mixture model of DV PIV 
(left) and the previously reported MoM 
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plots, risks were first ordered from highest 
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rate of 3%. The findings of this study demonstrate that 
incorporating measurement of DV PIV in first-trimester 
combined screening can improve the detection rate to 
about 95% and reduce the false positive rate to about 2.5%. 
Alternatively, combining fetal NT with DV PIV has es-
sentially the same high performance as screening by a 
combination of fetal NT with serum biochemistry.

  Sonographers undertaking risk assessment by Dopp-
ler examination of the DV should receive appropriate 
training and certification of their competence in per-
forming such a scan and should adhere to a series of strict 
criteria for obtaining the appropriate waveform  [14] . We 
have previously shown that sonographers with prior ex-
tensive experience in the 11–13 weeks scan require an av-
erage of 80 examinations before they can achieve this lev-
el of competence  [14] .

  In our previous studies on DV flow, we have classified 
the waveforms as normal, when the a-wave observed dur-
ing atrial contraction was positive, or abnormal, when the 
a-wave was absent or reversed  [2–5] . Assessing the DV 
PIV and the associated likelihood ratio for aneuploidies 
as a continuous variable, rather than as a categorical vari-
able, is particularly useful when the a-wave velocity is 
close to 0 and there is doubt as to whether to classify the 
waveform as normal or abnormal. In the categorical ap-
proach the likelihood ratio changes dramatically from 
very low, if the waveform is classified as normal, to very 

high, if classified as abnormal. When the a-wave velocity 
is high, the waveform is easily classified as normal, the 
DV PIV is invariably low and in both cases the likelihood 
ratio for aneuploidies is low. Similarly, when the a-wave 
has a high negative velocity, it is easily classified as re-
versed and the DV PIV is high. The overall performance 
of screening by the continuous and categorical approach-
es  [5]  is similar. However, the estimated patient-specific 
risk for aneuploidies in cases where the a-wave velocity is 
close to 0 is likely to be more accurate with the use of DV 
PIV rather than the classification of the waveform into 
normal or abnormal.

  Our results indicate that the distribution of fetal DV 
PIV log MoM in euploid and aneuploid pregnancies is not 
Gaussian and demonstrate that DV PIV follows two dis-
tributions, one which is CRL-dependent and another 
which is CRL-independent. The CRL-dependent distri-
bution is the same for normal and aneuploid pregnancies, 
but the proportion that follows this distribution is large 
in the normal group (about 97% for Caucasians and 93% 
for Afro-Caribbeans) and small in the abnormal group, 
being about 15% for trisomies 21 and 18 and 30% for tri-
somy 13. In contrast, the proportion of cases in which DV 
PIV does not change with gestation is, firstly, small for 
normal pregnancies and large for the aneuploidies and, 
secondly, the median and spread of DV PIV values are 
different for each aneuploidy.

Table 3.  Estimates with 95% CI of standardized detection rates (DR %) and false positive rates (FPR %) of screening for trisomy 21 by 
serum biochemistry, fetal NT thickness and DV PIV, both separately and in combination at fixed cutoffs of risk at the time of screen-
ing

Method of screening Risk cutoff 1 in 50 Risk cutoff 1 in 100 Risk cutoff 1 in 200 R isk cutoff 1 in 300

FPR DR FPR DR FPR DR FPR DR 

Free �-hCG, PAPP-A 2.85
(2.74–2.97)

54.3
(49.0–59.5)

5.26
(5.11–5.41)

65.0
(60.2–69.9)

9.19
(8.99–9.39)

75.0
(70.6–79.3)

12.48
(12.25–12.70)

80.5
(76.5–84.4)

NT 1.18
(1.10–1.25)

73.6
(67.6–79.6)

2.22
(2.12–2.32)

79.5
(73.9–85.1)

4.57
(4.44–4.70)

84.5
(79.6–89.4)

6.93
(6.79–7.07)

86.8
(82.4–91.2)

DV PIV 1.46
(1.39–1.54)

59.4
(54.5–64.4)

2.97
(2.84–3.10)

72.3
(66.7–77.9)

4.59
(4.44–4.73)

77.3
(72.1–82.5)

6.44
(6.29–6.59)

79.9
(75.2–84.7)

NT and DV PIV 0.91
(0.85–0.96)

80.9
(76.4–85.3)

1.71
(1.63–1.80)

86.7
(82.9–90.5)

3.17
(3.05–3.29)

90.7
(87.4–94.0)

4.39
(4.24–4.54)

92.7
(89.8–95.7)

Free �-hCG, PAPP-A
and NT

1.53
(1.44–1.61)

85.8
(81.7–89.9)

2.74
(2.62–2.85)

89.7
(86.1–93.2)

4.75
(4.60–4.91)

92.9
(90.0–95.9)

6.47
(6.29–6.65)

94.4
(91.8–97.0)

Free �-hCG, PAPP-A
and DV PIV

1.6
(1.51–1.69)

73.9
(68.8–78.9)

2.75
(2.63–2.86)

80.6
(76.1–85.2)

4.62
(4.46–4.77)

86.0
(82.1–89.8)

6.17
(6.0–6.35)

89.2
(85.8–92.5)

Free �-hCG, PAPP-A, NT
and DV PIV

1.03
(0.96–1.11)

90.1
(86.8–93.4)

1.63
(1.54–1.72)

93.5
(90.8–96.2)

2.61
(2.49–2.73)

96.0
(93.8–98.1)

3.45
(3.32–3.58)

97.0
(95.1–98.9)

The  reference population is the maternal age distribution of England and Wales 2000–2002.
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