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ABSTRACT
Objective: To determine whether an elevated fetal
umbilical artery Doppler (UAD) pulsatility index (PI) at
28 weeks’ gestation, in the absence of fetal growth
restriction (FGR) and prematurity, is associated with
adverse neurocognitive outcome in children aged 12
years.
Methods: Prospective cohort study, comparing
children with a normal fetal UAD PI (<90th centile)
(n=110) and those with an elevated PI (≥90th centile)
(n=40). UAD was performed at 28, 32 and 34 weeks
gestation. At 12 years of age, all children were
assessed under standardised conditions at Queen’s
University, Belfast, UK to determine cognitive and
behavioural outcomes using the British Ability Score-II
and Achenbach Child Behavioural Checklist Parent
Rated Version under standardised conditions.
Regression analysis was performed, controlling for
confounders such as gender, socioeconomic status
and age at assessment.
Results: The mean age of follow-up was 12.4 years
(±0.5 SD) with 44% of children male (n=63). When
UAD was assessed at 28 weeks, the elevated fetal UAD
group had lower scores in cognitive assessments of
information processing and memory. Parameters
included (1) recall of objects immediate verbal
(p=0.002), (2) delayed verbal (p=0.008) and (3) recall
of objects immediate spatial (p=0.0016). There were
no significant differences between the Doppler groups
at 32 or 34 weeks’ gestation.
Conclusions: An elevated UAD PI at 28 weeks’
gestation in the absence of FGR or prematurity is
associated with lower scores of declarative memory in
children aged 12 years. A potential explanation for this
is an element of placental insufficiency in the presence
of the appropriately grown fetus, which affects the
development of the fetal hippocampus and information
processing and memory long-term. These findings,
however, had no impact on overall academic ability,
mental processing and reasoning or overall behavioural
function.

INTRODUCTION
The association between fetal growth in utero
and disease in later life was first proposed by

Barker in the 1990s and is supported by
further studies over past decades.1–4 The fetal
umbilical artery Doppler (UAD) pulsatility
index (PI) measurement serves as a surrogate
marker for the well-being of the fetus in utero
through assessing impedance within the feto-
placental circulation and is an indirect
measure of resistance to flow within the pla-
cental vasculature. Typically, the PI is assessed
using insonation of the fetal umbilical artery
using pulsed-wave colour Doppler ultrasonog-
raphy and subsequent analysis can be per-
formed to obtain gestation-dependent
centiles for the PI, with a PI of greater than
the 90th or 95th centile signalling increased
level of impedance in the majority of cases.5

While an abnormal UAD measurement is
associated with perinatal death, its relationship
with neurodevelopmental outcome is less clear.
A recent Cochrane review of the application of
the UAD concluded that there was no available
evidence to assess the ability to predict substan-
tive long-term outcomes, including neurodeve-
lopment.6 In the presence of fetal growth
restriction (FGR), an abnormal Doppler has
an association with abnormal childhood neuro-
development.7 An association between an
abnormal UAD and neurological outcome in
the apparently normally grown fetus has not
been described to date.
The primary objective of this study was to

compare childhood neurodevelopmental

Strengths and limitations of this study

▪ Novel in concept/design.
▪ Longest follow-up in a group of children with

abnormal in utero UAD measurements.
▪ Validity of methodology—standard investigation/

same investigator that is blinded
▪ Two rounds of recruitment in order to obtain

adequate numbers led to uneven numbers in
both groups.

▪ Lack of placental and estimated fetal weight data.
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outcome in terms of (1) cognitive and (2) behavioural
performance in children at the age of 11–12 years who
had elevated fetal UAD PI at 28 weeks’ gestation com-
pared to a control group with normal measurements, in
the absence of FGR and preterm delivery.

PATIENTS AND METHODS
In 1988, a prospective cohort study of 2097 consecutive
non-growth-restricted singleton pregnancies underwent
serial UAD PI testing at 28, 34 and 38 weeks’ gestation to
assess whether the UAD PI could predict peri-natal
outcome data (RB Beattie. Evaluation of umbilical artery
Doppler ultrasound in human pregnancy. [Unpublished
Thesis]. [Belfast (UK)]: Queen’s University, Belfast; 1988).

Patient selection
The present study population included a nested case–
control subset of patients from the aforementioned
study aged 11–12 years (RB Beattie, Unpublished Thesis,
1988) that had had an in utero UAD PI, randomly
selected either above (abnormal) or below (normal) the
90th centile for gestational age at 28 weeks’ gestation as
per the pre-defined criteria,8 and alternatively defined

as abnormal or normal on the PI centile at 34 and
38 weeks of gestation.9 A power calculation estimated
that 100 subjects per group should be tested to detect a
mean difference of 7.5 (SD of 15) in the scores for com-
ponents of the British Ability Score-II (BAS-II) assess-
ments of cognitive function at 28 weeks, with a power of
94% at a significance level of 0.05. In the course of the
study, low response rates limited the sample to 180 with
a 1:3.5 imbalance; however, a post hoc calculation indi-
cated power was maintained at 79%. Results and assess-
ments centred around UAD PI at 28 weeks due to the
known association between Doppler status from
27 weeks and neurodevelopmental delay in pregnancies
affected by FGR, high-lighting the significance of asses-
sing at this gestation.10 Anticipating the difficulties in
locating and recruiting participants for follow-up
research, 724 names were initially selected and traced
through the Central Services Agency. Following two
rounds of recruitment, 204 subjects underwent psycho-
logical assessment. Subjects delivered pre-term
(<37 weeks), with a small-for-gestational-age birth weight
(<10th centile) or identifiable genetic syndromes, were
subsequently omitted, leaving an overall sample of 180
subjects. Following ethical approval from the Northern

Table 1 Demographic characteristics of study cohort at 28 weeks’ gestation in the normal (<90th centile) and elevated

(>90th centile) umbilical artery Doppler (UAD) pulsatility index (PI) reported as mean with SDs (SD) or percentages,

respectively

UAD PI<90th centile

N=140

UAD PI>90th centile

N=40

All individuals

N=180

Gender (male) 36 (54%) 27 (44%) 63 (49%)

Age of child (years) 12.4 (0.5) 12.4 (0.4) 12.4 (0.5)

Age of mother (years) 40.5 (5.3) 39.9 (5.8) 40.2 (5.6)

Weight (kg) 44.1 (10.3) 45.5 (11.7) 44.9 (11.1)

Height (cm) 151.6 (7.7) 151.0 (7.6) 151.3 (7.6)

Townsend score 1.66 (3.44) 1.66 (3.45) 1.66 (3.4)

Tanner public hair staging

1 32 (49%) 29 (48%) 61 (48%)

2 15 (23%) 15 (25%) 30 (24%)

3 5 (8%) 8 (13%) 13 (10%)

4 13 (20%) 7 (12%) 20 (16%)

5 1 (2%) 1 (2%) 2 (2%)

11+ grade=pass 39 (59%) 42 (69%) 81 (64%)

Maternal smoking 44 (33%) 15 (37%) 59 (34%)

Mode of delivery

Normal (SVD) 112 (81%) 31 (76%) 143 (79%)

Assisted breech 1 (1%) 1 (2%) 2 (1%)

Instrumental 15 (11%) 3 (7%) 18 (10%)

Caesarean section 11 (8%) 6 (15%) 17 (9%)

Birth weight (g) 3679 (586) 3429 (426) 3532 (511)

Gestation (weeks+days) 40+3 (1+0) 40+1 (1+0) 40+2 (1+0)

APGAR 1 min 8 (7, 9) 8 (7, 9) 8 (7, 9)

APGAR 5 min 9 (9, 9) 9 (9, 9) 9 (9, 9)

Cord pH 7.29 (0.14) 7.30 (0.09) 7.29 (0.11)

PI 28 weeks 0.95 (0.06) 1.69 (0.29) 1.34 (0.43)

PI 34 weeks 0.96 (0.19) 1.06 (0.20) 1.02 (0.20)

PI 38 weeks 0.90 (0.20) 1.03 (0.15) 0.97 (0.18)

2 Mone F, et al. BMJ Open 2016;6:e008916. doi:10.1136/bmjopen-2015-008916

Open Access

group.bmj.com on August 24, 2016 - Published by http://bmjopen.bmj.com/Downloaded from 

http://bmjopen.bmj.com/
http://group.bmj.com


Ireland Research and Ethics committee, Queen’s
University Belfast, informed consent was obtained from
parents and children for this study.

Assessments
In addition to physical assessment of cardiovascular and
respiratory status,4 cognition and behaviour were tested
under standardised conditions using validated question-
naires by a single child psychologist who was blinded to
UAD PI category. Cognitive function was assessed using
the BAS-II questionnaire,11 which is inclusive of (1) diag-
nostic scales; assessing information processing and
memory, (2) achievement scales; assessing academic per-
formance and (3) core scales which formulate the
global conceptual ability score (GCA); assessing mental
processing and reasoning. Behavioural function was
assessed by a parent questionnaire through the
Achenbach Child Behavioural Checklist Parent Rated
Version (CBCL),12 which rates the presence of specific
behaviours on a 3-point rating scale.

Statistical analysis
Number and percentages were derived for categorical
characteristics, and means, SDs and medians and first
and third quartiles (IQR) were calculated for continuous
characteristics. Categorical characteristics were com-
pared between the UAD PI groups using Student’s t-test
after weighting for non-response. Several of the demo-
graphic and psychometric measures had a skew or other
non-normal distribution, and therefore the non-
parametric Mann-Whitney tests were performed to
compare the normal and elevated UAD PI groups.
Outcomes of interest were carried forward to compare
the normal and elevated UAD PI groups while adjusting
for potential confounders including gender, age at
assessment and Townsend score as a proxy for socio-
economic status. These outcomes included all variables,
which showed statistical significance at an α of 0.1 from
the Mann-Whitney tests. Linear regression analyses were
performed to adjust for confounders, and residuals
closely inspected to verify assumptions were met. No
correction for multiple testing was performed, and a
p value threshold of 0.05 was considered statistically
significant in the final adjusted analyses. Psychometric
scores with extreme non-normal distributions were mod-
elled using binary logistic regression after dichotomisa-
tion at the median and adjusted for the same
confounders. All analyses were performed using IBM
SPSS V.20, and weighted by the non-response rates in
the respective recruitment cohorts and high/normal PI
strata.

RESULTS
This study included 180 subjects; 40 with a UAD PI of
≥90th centile (elevated) and 140 with a UAD PI of
<90th centile (normal). This accounts for 19.0% (40/
210) and 7.4% (140/1887) of the original 2087 cohort,
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respectively. The demographics of the study population
at the time of assessment, delivery and during gestation
are demonstrated in table 1.
Following adjustment for potential confounders

including gender, age at assessment and Townsend
score, the findings between UAD PI groups (normal and
elevated) were compared (tables 2–5). These findings
are demonstrated for the variable aforementioned psy-
chometric parameters assessed inclusive of the BAS II
diagnostic scales (table 2), achievement scales (table 3),
core scales (table 4) and Achenbach CBCL (table 5) for
UAD performed at 28, 34 and 38 weeks, respectively,
with associated p values. The unadjusted version of this
analysis is provided in online supplementary file 1.
Scores of processing and memory; notably recall of

objects immediate verbal, immediate spatial and delayed
verbal in the diagnostic scale group were significantly
lower in the elevated UAD PI group (p=0.002, 0.016 and
0.008, respectively). This did not appear to be the case
when UAD was measured in groups at later gestations.
There were no significant differences between UAD PI
groups in the achievement scales group, and in the GCA
group, the overall GCA score was not significantly differ-
ent between groups. In terms of the Achenbach child
behaviour checklist parent-rated version (CBLC), inter-
nalising and externalising parameters were not overall
significantly different.

DISCUSSION
This study demonstrates that at 12 years of age, in the
absence of FGR and prematurity, an elevated fetal UAD
PI at 28 weeks’ gestation is associated with significantly
lower scores in parameters of cognitive function in the
form of information processing and memory. There is
no association between abnormal fetal UAD PI
and overall academic ability, mental processing and
reasoning or overall behavioural function of children at
this age.
Existing research suggests that in FGR, the degree of

neurodevelopmental abnormality in childhood is pro-
portionally related to the impedance within the UAD.7

Early-onset FGR is associated with impaired placental

perfusion due to a reduction in the overall cross-
sectional villous vascular area, which appears to affect
UAD resistance when villous damage is >30%.13 Our
study agrees with existing research which demonstrates
that there is an effect of abnormal UAD measurement
in the coexistence of FGR in terms of impaired child-
hood neurodevelopment,7 14 yet our study is unique in
assessing neurodevelopmental outcomes in children
with abnormal UAD, but no associated FGR or prema-
turity. One explanation may lie in the definition of FGR;
a topic much debated within the literature. Traditional
definitions of FGR, that is, birth weights <10th and <3rd
centile for gestational age which were used at the time
of the original study, are being replaced by histological
placental evidence of impaired perfusion or ‘placental
disease’. Emerging studies demonstrate abnormal cere-
bral and placental blood flow distributions within appro-
priately grown fetuses as a marker of placental
insufficiency and call for a revision of the diagnosis of
fetuses ‘failing to reach their growth potential’.15

The strength of this study is that the cohort is that it
is the first of its’ kind to assess the impact of an abnor-
mal fetal UAD PI in a non-growth restricted popula-
tion on long-term neurodevelopmental outcome. In
addition, this study represents the longest follow-up in
a group of children with abnormal in utero UAD mea-
surements.7 A recent study, which is the longest
cohort study to date of extreme low-birth weight survi-
vors, demonstrated that cases of babies born with a
birth weight under 1000 g were more likely to exhibit
a psychiatric problem than their normal birth weight
counterparts.16 However, Doppler status was not for-
mally assessed within the methodology, probably
because its routine use predated the starting date of
the study.
Limitations of our study include the method of

recruitment, which required two rounds of recruitment
in order to obtain adequate numbers and led to uneven
numbers either side (elevated UAD PI n=40, normal
UAD PI n=140), which may have accounted for a skew
in the demographic characteristics. Nevertheless, non-
response was corrected for within the statistical analysis.
Correction for confounders was included in multiple

Table 3 Adjusted linear and or logistic regression analysis for elevated (>90th centile) and normal (<90th centile) umbilical

artery Doppler (UAD) pulsatility index (PI) for validated British Ability Scales II achievement scale parameters at 28, 34 and

38 weeks, respectively, expressed as mean and SDs

Achievement scale

Week 28 (1.73 threshold) Week 34 (1.28 threshold) Week 38 (1.17 threshold)

Normal Elevated p Value Normal Elevated p Value Normal Elevated p Value

Number standard

score, mean (SD)

111.6 (1.2) 108.1 (2.0) 0.143 110.8 (1.1) 108.5 (3.1) 0.484 110.1 (1.2) 104.9 (3.7) 0.188

Spelling standard

score, mean (SD)

102.5 (1.3) 100.1 (2.2) 0.340 102.0 (1.2) 102.2 (3.4) 0.947 102.0 (1.3) 95.6 (3.9) 0.124

Reading standard

score, mean (SD)

98.0 (1.2) 98.9 (2.0) 0.690 98.2 (1.1) 99.4 (3.3) 0.742 98.9 (1.2) 95.2 (3.7) 0.349
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regression. In addition, an attempt to limit bias in the
methodology was limited through blinding of the asses-
sors to PI category. One must also note that significant
findings were among a large number of outcome mea-
sures and hence results must be interpreted with
caution.
Interestingly, the findings of this study also add infor-

mation on the time point where the UAD PI assessment
is critical in determining long-term impact on neurode-
velopment. Assessments performed at 28 weeks
appeared to have the most significant impact on cogni-
tive outcome, notably on information processing and
memory. However, this was not the case when UAD PI
was assessed at later gestations. It is known that fetuses
with FGR are more likely to exhibit long-term cognitive
impairment and memory deficit, as has been demon-
strated within this study.17 The statistically significant
results from our study were found in assessments of cog-
nitive function focusing on recall of objects verbal and
spatial; the area of the brain controlling this function
being the hippocampal region which controls declara-
tive memory, with children with elevated UAD PI in
utero having poorer scores in these assessments. There
were no cases of abnormal development within the study
cohort as such cases were excluded at the selection
process. What can be extrapolated clinically from this
study is that the cohort of patients with an elevated UAD
PI were more likely to have lower but not abnormal
scores in assessments of short-term and declarative
memory function than their normal UAD PI peers,
which may express itself as a child having
executive-attention deficit and/or mild learning difficul-
ties, somewhat similar to that of children who had FGR
in utero.17 It is important to note, however, that despite
these changes they did not affect the overall academic
ability, mental processing and reasoning or overall
behavioural function. The latter supports the theory that
reduced placental blood flow, notably during the second
half of pregnancy, correlates with a reduction in the
number of neurons within this area of the fetal brain; as
correlated with the histological brains of primates and
humans at this stage in addition to vulnerability of
hippocampus to injury in the prenatal period.18 19 This
would certainly go some way to explaining why the
earlier abnormal UAD assessment has a stronger associ-
ation with the abnormal parameters. It is unclear as to
why there was no significant difference in parameters at
later gestations between groups.
Potential explanations are twofold, primarily as fewer

Doppler assessments were performed at these gestations
and second, perhaps fetuses at 28 weeks have an altered
vulnerability in terms of brain pathophysiology as a
result of elevated UAD PI compared to later gestations.10

The latter suggestion is supported by existing research
which suggests that neurodevelopment is affected by
increased impedance in the UAD and aortic indices in
early FGR and by cerebral blood flow in late onset
IUGR.10
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Table 5 Adjusted linear or logistic regression analysis for elevated (>90th centile) and normal (<90th centile) umbilical artery Doppler (UAD) pulsatility index (PI) for

Achenbach child behaviour checklist parent rated version (CBLC) parameters at 28, 34 and 38 weeks, respectively, as expressed as mean with associated SD

CBLC parameters

Week 28 (1.73 threshold) Week 34 (1.28 threshold) Week 38 (1.17 threshold)

Normal Elevated p Value Normal Elevated p Value Normal Elevated p Value

CBLC withdrawn,*

mean (SD)

0.40 (0.05) 0.38 (0.08) 0.889 0.40 (0.04) 0.36 (0.13) 0.770 0.41 (0.05) 0.27 (0.13) 0.310

CBLC somatic problems,*

mean (SD)

0.53 (0.05) 0.66 (0.08) 0.150 0.58 (0.04) 0.33 (0.12) 0.056 0.60 (0.05) 0.40 (0.14) 0.165

CBLC anxious/depressed,*

mean (SD)

0.52 (0.05) 0.59 (0.08) 0.444 0.54 (0.04) 0.43 (0.13) 0.412 0.53 (0.05) 0.63 (0.13) 0.506

CBLC social problems,*

mean (SD)

0.52 (0.05) 0.54 (0.08) 0.803 0.52 (0.04) 0.39 (0.12) 0.317 0.50 (0.05) 0.40 (0.14) 0.484

CBLC thought/behaviour,*

mean (SD)

0.57 (0.05) 0.57 (0.08) 0.930 0.59 (0.04) 0.34 (0.11) 0.063 0.56 (0.05) 0.49 (0.14) 0.659

CBLC attention problems,*

mean (SD)

0.50 (0.05) 0.58 (0.09) 0.466 0.54 (0.05) 0.34 (0.13) 0.169 0.56 (0.05) 0.26 (0.12) 0.056

CBLC delinquent behaviour,*

mean (SD)

0.70 (0.05) 0.88 (0.05) 0.021 0.76 (0.04) 0.57 (0.14) 0.139 0.73 (0.05) 0.75 (0.13) 0.884

CBLC aggressive behaviour,*

mean (SD)

0.49 (0.05) 0.56 (0.08) 0.517 0.49 (0.05) 0.41 (0.14) 0.597 0.46 (0.05) 0.66 (0.15) 0.179

CBLC other problems,*

mean (SD)

0.52 (0.05) 0.64 (0.08) 0.215 0.55 (0.04) 0.44 (0.13) 0.404 0.54 (0.05) 0.48 (0.15) 0.683

CBLC internalising,*

mean (SD)

0.52 (0.05) 0.64 (0.08) 0.193 0.56 (0.04) 0.45 (0.13) 0.399 0.57 (0.05) 0.57 (0.14) 0.983

CBLC externalising,*

mean (SD)

0.49 (0.05) 0.57 (0.08) 0.412 0.50 (0.05) 0.41 (0.14) 0.566 0.47 (0.05) 0.66 (0.15) 0.207

CBLC internalising standard score,

mean (SD)

52.0 (0.9) 51.4 (1.5) 0.759 51.7 (0.8) 54.2 (2.5) 0.331 51.7 (1.0) 53.6 (2.8) 0.523

CBLC externalising standard score,

mean (SD)

49.8 (0.9) 48.0 (1.5) 0.290 49.4 (0.8) 53.7 (2.3) 0.079 50.2 (0.9) 50.7 (2.7) 0.860

CBLC total standard score, mean (SD) 45.2 (0.8) 44.0 (1.4) 0.464 44.8 (0.8) 49.0 (2.2) 0.074 45.3 (0.9) 46.6 (2.5) 0.642

*Logistic regression, mean in these cases refers to the odds of an abnormal (high) psychometric score for a child at the mean age (12.1 years) with a mean Townsend score (1.79).

6
M
one

F,etal.BM
J
Open

2016;6:e008916.doi:10.1136/bm
jopen-2015-008916

O
p
e
n
A
c
c
e
s
s

group.bm
j.com

 on A
ugust 24, 2016 - P

ublished by 
http://bm

jopen.bm
j.com

/
D

ow
nloaded from

 

http://bmjopen.bmj.com/
http://group.bmj.com


It is a challenge to determine the clinical implications
of this study as one refers to a test which is not indicated
for the general unselected pregnant population.
Certainly, if the definition of FGR was revised and the
fetuses with elevated UAD PI were truly growth restricted
and all of their placentae were retrospectively histo-
pathologically examined, then perhaps this would
support re-exploring the definition of FGR. Additionally,
due to the demonstrated apparent deficit in short-term
memory at childhood follow-up, a focus should be made
on those children who had FGR to facilitate orientation,
and direct attention and reiteration of material to opti-
mise learning performance.17

CONCLUSION
An elevated UAD PI at 28 weeks’ gestation in the
absence of FGR or prematurity is associated with some
adverse cognitive findings in children aged 12 years. A
potential explanation for this phenomenon is an
element of placental insufficiency in the presence of the
appropriately grown fetus which affects the development
of the fetal hippocampus, and this information process-
ing and memory long-term further studies should be
performed before firm conclusions or guidance can be
drawn from the findings of this study.
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