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Purpose: To investigate (a) if placental perfusion in the second trimester of pregnancy, measured by two
non-invasive magnetic resonance imaging (MRI) techniques, is related to impedance to flow in the
uterine arteries, as assessed by Doppler ultrasound; and (b) if these measures are associated with future
gestational outcome.
Methods: In 37 singleton pregnancies at 24e29 weeks’ gestation, uterine artery pulsatility index (PI) was
measured by Doppler ultrasound and placental perfusion was measured by Arterial Spin Labelling (flow-
sensitive alternating inversion recovery (FAIR)) and intravoxel incoherent motion (IVIM) echo-planar
imaging at 1.5 T in basal, central and placental regions of interest. The values were compared between
those delivering small for gestational age (SGA) and appropriate for gestational age (AGA) neonates.
Results: In 23 pregnancies that resulted in delivery of SGA neonates, compared to the 14 with AGA ne-
onates, the median basal FAIR measure was significantly lower (923.0 vs. 2359.0 arbitrary units;
p ¼ 0.003) as were IVIM measures of perfusing fraction (f) in basal, central and whole-placental regions
(37.8 vs. 40.7%; p ¼ 0.046; 24.3 vs. 35.1%; p ¼ 0.014 and 27.9% vs. 36.2%; p ¼ 0.001, respectively). In the
SGA group, the median uterine artery PI was increased (1.96 vs. 1.03; p ¼ 0.001). There were significant
associations between uterine artery PI and placental perfusion assessed by both FAIR and IVIM.
Conclusion: Pregnancies that result in SGA neonates exhibited reduced placental perfusion as assessed by
MRI during the second trimester. This measurement was found to be strongly associated with impedance
to flow in the uterine arteries. We suggest that FAIR or IVIM MRI examinations may be used to directly
and non-invasively determine placental perfusion, and that the measured values are strong indicators of
future gestational outcome.

� 2013 Published by Elsevier Ltd.
1. Introduction

Small for gestational age (SGA) neonates have increased risk of
perinatal death and handicap. The condition includes neonateswho
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are both constitutionally small andwho are growth restricted due to
impaired placentation, genetic disease or environmental damage.
Abnormal placentation [1e4] leads to increased impedance to flow
measured by the uterine artery pulsatility index (PI) on Doppler
ultrasound [5] at 22e24 weeks gestational age (GA) in pregnancies
that subsequently develop preeclampsia and, to a lesser extent, in
those delivering SGA neonates without preeclampsia [6,7].

Power Doppler ultrasoundmeasurements of placental perfusion
have limited depth, reliability and reproducibility, and quantifica-
tion remains unclear [8,9]. In contrast, magnetic resonance imaging
(MRI) can clearly image the placenta, independent of GA or location
[10] Ultrafast MRI sequences, such as echo-planar imaging (EPI)
and single shot fast spin echo imaging (SS-FSE), can overcome the
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Table 1
Summary of scanning parameters for the different sequences used.

Sequences Scanning parameters

1 TE 140 ms, TR 4000 ms; Sagittal; slice thickness 6 mm,
slice gap 1 mm, 28 slices, FOV 28 � 28 cm,
matrix 256 � 224, scan time 3 min

2 TE 140 ms, TR 4000 ms; Axial; slice thickness 4 mm,
slice gap 1 mm, 46 slices, FOV 40 � 40 cm,
matrix 320 � 224, scan time 5 min

3 TE 140 ms, TR 4000 ms; Axial; slice thickness 4 mm,
slice gap 0 mm, three slices, FOV 24 � 24 cm,
matrix 192 � 192, scan time 15 s

4 TE 35 ms, TR 2500 ms; Axial; slice thickness 4 mm,
slice gap 0 mm, three slices, FOV 24 � 24 cm,
matrix 64 � 64, reconstructed resolution
1.875 mm, scan time 5 min

5 TE 69 ms, TR 2000 ms; Axial; slice thickness
4 mm, slice gap 0 mm,
three slices FOV 24 � 24 cm, matrix 64 � 64, scan time 8 min

TE ¼ echo time, TR ¼ repetition time, FOV ¼ field of view.

Fig. 1. T2-weighted magnetic resonance image demonstrating the placental anatomy
and basal plate.
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effects of fetal motion [11,12]. Fetal MRI is considered to be safe, and
follow-up studies have found no adverse effects [13e15] and non-
invasive MR perfusion measurements have been employed in
several studies of the placenta [16e21]: the flow-sensitive alter-
nating inversion recovery (FAIR) sequence [22] Arterial Spin
Labelling (ASL; [23,24]) and intravoxel incoherent motion (IVIM;
[25]) sequences.

In FAIR, arterial blood flowing into the imaged region is labelled
non-invasively using radio-frequency pulses. In IVIM, a pulsed field
gradient is used to impose diffusion dependent contrast, with the
degree of contrast being summarised by the ‘b-factor’ [25]. In tissue
the MR signal decays bi-exponentially with b-factor; the first
component of the signal decay is dominated by blood motion and
the second by diffusion, so that the relative size (f) of the first
component can be interpreted as the fractional perfusing blood
volume. Two previous studies related FAIR measures of placental
perfusion to birth weight; the first found no differences in preg-
nancies that delivered SGA neonates [16], but the second found a
difference in the distribution of perfusion values across the
placenta between the SGA and AGA groups [17]. Two other studies
found changes in pregnancies that delivered SGA neonates and
those with preeclampsia using IVIM [21].

The aim of this study was to compare placental perfusion
measured using FAIR and IVIM in SGA fetuses, to relate results to
uterine artery PI and to determine whether detected changes in
perfusion precede the clinical onset of SGA.

2. Methods

The study was carried out at the Harris Birthright Research Centre (HBRC),
London, between February 2006 and May 2008. It was approved by the local NHS
Research Committee and all participants provided written, informed consent.
Consecutive womenwith singleton pregnancies attending for scan at 22e24 weeks,
and those referred with a known SGA fetus or a minor congenital abnormality were
invited to participate. Many of the women who participated in this study also
participated in our study on placental T2 relaxation [26]. All the pregnancies were
dated by ultrasound scan in the first trimester.

All participants had an ultrasound scan on the same day as the MRI exam, to
measure fetal weight (estimated from measurements of head circumference,
abdominal circumference and femur length [27]) and amniotic fluid volume; and
pulsatility indices (PIs) assessing impedance to flow in the maternal uterine arteries
(averaged over left and right sides), umbilical arteries, fetal cerebral vessels and
ductus venosus. Uterine artery blood flow is routinely assessed by transvaginal so-
nography to determine the women’s risk of developing preeclampsia and/or a SGA
fetus [6]. The fetal weight percentile was determined from the mother’s height and
weight, ethnicity and parity, the GA and sex of the fetus and the estimated fetal
weight using the GROW centile calculator v5.15_UK [28].

Data on pregnancy outcome were obtained from maternity records or the
women’s general medical practitioners. The outcome measures were preeclampsia,
as defined by the International Society for the Study of Hypertension in Pregnancy
[29], and SGA if the birth weight was <10th percentile for GA at delivery, using the
GROW centile calculator.

Three groups of subjects were defined. Group 1: estimated fetal weight >10th
percentile of the reference range and uterine artery PI <95th percentile of the
reference range (n ¼ 9). These fetuses were complicated by isolated minor con-
genital abnormalities. Group 2: estimated fetal weight >10th percentile but uterine
artery PI >95th percentile (n ¼ 21). These women had structurally normal fetuses
but were at risk of preeclampsia or an SGA fetus. Group 3: estimated fetal weight
<10th percentile and uterine artery PI>95th percentile (n¼ 10). These fetuses were
known SGA at the time of the MRI, with seven having abnormal fetal Doppler
measurements and four also having reduced amniotic fluid volume.

MRI was performed on a 1.5 T GE Signa HDx scanner (General Electric, Wau-
kesha, USA), with a body coil for RF transmission and a torso array coil for signal
reception. The mother was placed supine in the scanner feet first to minimise
claustrophobia, but angled 20� onto her left hand side with pads to reduce aorto-
caval compression.

Localiser images were obtained to determine the overall position of the uterus
and placenta. Oblique sagittal (sequence 1 e see Table 1) and axial (sequence 2) T2-
weighted single shot fast spin echo (SS-FSE) images were acquired across the whole
uterus, to visualise the placenta in detail. The axial images were used to determine
where to examine placental blood flow. Three contiguous true axial slices were
acquired in an additional axial SS-FSE scanwhose field of view (FOV) wasmatched to
those to be used for the FAIR and IVIM scans (sequence 3). If these images
demonstrated good placental and basal plate coverage (Fig.1), these slices were used
for the FAIR and IVIM scans; if not, sequence 3 was repeated with different slice
positions until good visualisation was achieved.

Single shot spin echo EPI FAIR images (sequence 4) were acquired labelled (after
inverting the magnetisation within the image volume) and non-labelled (after
inverting a region 1.35 times wider than the image volume). A post-labelling delay
(Ti) of 1.2 s between the inversions and readouts allowed the labelled blood to move
into the image volume. Twenty-five pairs of labelled and non-labelled images were
collected to increase signal-to-noise ratio (SNR), and the average difference image
(‘non-label’� ‘label’) was calculated. This perfusionweighted image (arbitrary units)
showed signal attenuation proportional to the amount of inverted blood that
perfused into the image volume during the post-labelling delay. Whilst the raw
values of the tagged and un-tagged images may have differed slightly between
subjects due to small differences in the transmitter and receiver settings, the values
of the difference images are comparable between subjects. We therefore employed
these as a measure of tissue perfusion. It was not possible to convert these to
physiological units of ml of blood per 100 g of tissue per minute, as there is no
suitable model to perform this conversion in the placenta. IVIM data were acquired
using spin echo EPI (sequence 5) with pulsed magnetic field gradients applied in the
through-slice direction with 11 logarithmically spaced b-values (0, 0.7, 3, 9, 18, 32,
54, 88, 147, 252, 500 s/mm2).

The FAIR time series of one slice was displayed as a movie, and images in which
the placenta was displaced by more than two pixels in-plane were excluded from



Fig. 3. Typical plot of the signal attenuation versus b-values demonstrating a typical
IVIM curve with its bi-exponential nature.
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subsequent analysis. Three regions of interest (ROIs) were drawn on the mean FAIR
image for each slice: basal plate, placental and central regions (Fig. 2). The basal plate
is thematernal aspect of the intervillous space (IVS) and is seen as a hypointense line
on the T2-weighted axial spin echo scan (Fig. 1) and the mean FAIR image. The
placental region was drawn around the whole-placental region, including the basal
plate and central regions. The central region was drawn centrally within the
placenta to avoid contamination by other tissues due to movement. If areas of
infarction or haematoma were observed, these were included as part of the ROI. All
placentae were measured in the same way. The mean and standard deviation of the
perfusion weighted signal were obtained for each ROI and then averaged over the
three slices.

For IVIM a movie of the 11 b-value images of each slice was used to assess
motion during this scan. The same above three ROIs were drawn and these ROIs
were moved between b-values if necessary, which was more likely for the basal than
central region. For each ROI on each slice, the mean image intensity, standard de-
viation (SD) and areawere obtained and used to construct curves of intensity versus
b-value. The curves were fitted to the following equation [18]:

SðbÞ ¼ sð0Þ
h
ð1� f Þe�bD þ fe�bD*

i

using the LevenbergeMarquardt non-linear least squares method (GNU Scientific
Library [30]) here, S(b) is the signal in the ROI for a specific value of the diffusion
gradient factor b, and S(0) is the fitted value of the signal for b ¼ 0 s/mm2. Fig. 3
demonstrates the bi-exponential IVIM curve. The early steep part of the curve cor-
responds to a ‘fast diffusion’ compartment, with a rate known as the pseudo-
diffusion coefficient (D*). The second part of the curve is less steep and corre-
sponds to a compartment diffusing with the standard diffusion coefficient (D). The
fractional blood volume (f) is the fraction of water molecules diffusing at the rate D*.
Fitted values of f and D are reproducible, whereas those for D* are less reliable [19].
All of the curves were examined to ensure a good fit to the model (c2 � 0.0050). The
fitting procedure was repeated excluding up to two outlying data points, and the
new f valuewas accepted if excluding the data point(s) reduced c2 by at least a factor
of two. At least one data point was excluded in about 50% of the cases, with more
being excluded for the basal plate region. The results from the three slices were then
averaged to produce final f values for the three ROIs.

All ROIs were drawn by a single observer (ID), using the DispImage software
[31]. To assess intra-observer variability, ROI drawing was repeated once after at
least 24 h. This was possible for all three ROIs in the FAIR analysis. With the IVIM
analysis, reproducibility was only assessed on central regions where the ROI was not
moved between different b-values.
Fig. 2. Basal region (top), placental region (middle) and central region (bottom) shown on (a
(b-value 0.7 s/mm2) of the IVIM sequence.
The intra-observer variability of the three ROI areas, FAIR perfusion and IVIM
perfusion values was assessed using BlandeAltman Plots [32]. Variables were
compared using a c2-test or Fisher’s exact test for categorical variables and the
ManneWhitney U-test for continuous variables. The distributions of FAIR, IVIM and
uterine artery PI values were examined for Gaussian normality using probability
plots and histograms. The basal, central and placental IVIM values were normally
distributed whereas the basal, central, placental FAIR values and uterine artery PI
were logarithmically transformed to achieve normality. Multiple regression analysis
was used to determine which of the factors amongst the maternal characteristics,
gestation and outcome were significant predictors of basal, central and placental
log10 FAIR, IVIM and log10 uterine artery PI values. Regression analysis was used to
) a typical mean FAIR slice, (b) a typical FAIR perfusion map and (c) a typical raw image



Table 2
Maternal and pregnancy characteristics in the study groups.

Characteristic Appropriate for
gestation (n ¼ 14)

Small for
gestation (n ¼ 23)

Maternal age in years,
median (IQR)

30.5 (25.8e32.3) 30.0 (24.0e34.0)

Maternal body mass index
in kg/m2, median (IQR)

25.3 (22.0e28.5) 23.7 (21.2e26.7)

Gestational age in wks at MRI,
median (IQR)

26.5 (26.0e26.5) 26.5 (26.0e27.4)

Ethnicity
Caucasian, n (%) 9 (64.3) 11 (47.8)
African, n (%) 5 (35.7) 10 (43.5)
South Asian, n (%) 0 1 (4.3)
East Asian, n (%) 0 1 (4.3)

Cigarette smoker, n (%) 1 (7.1) 1 (4.3)
Birth weight percentile,

median (IQR)
42.0 (20.3e65.5) 1.0 (0.0e4.0)*

Comparison between variables by c2-test or Fisher’s exact test for categorical var-
iables and ManneWhitney U-test for continuous variables; *p < 0.05.

Fig. 4. Box and whisker plots of basal, central and placental FAIR measurements ob-
tained by magnetic resonance imaging in appropriate for gestational age (AGA) and
small for gestational age (SGA) neonates. The horizontal line in the box represents the
median, the box represents the interquartile range and the whiskers indicate the
minimum and maximum values.

I. Derwig et al. / Placenta 34 (2013) 885e891888
examine the significance of the association between log10 FAIR, IVIM and log10
uterine artery PI values and birth weight percentile. The statistical software package
SPSS 16.0 (SPSS Inc., Chicago, IL) was used for data analyses.

Henceforth FAIR and IVIM measures in the basal, central and whole-placental
regions will be referred to as “basal perfusion(FAIR)”, “basal f(IVIM)”, “placental
perfusion(FAIR)” and so on.
3. Results

Characteristics in the study population are described in Table 2.
Subjects in Group 1 had no pregnancy complications and delivered
phenotypically normal neonates at term with birth weight �10th
percentile (AGA). In Group 2 there were five uncomplicated preg-
nancies delivering AGA neonates and 10 delivering SGA neonates,
three that developed preeclampsia but delivered AGA neonates and
three that developed preeclampsia and delivered SGA neonates. In
Group 3, three women developed preeclampsia and all 10 delivered
SGA neonates. The data from the three mothers who delivered AGA
neonates and had preeclampsia (isolated preeclampsia) were
excluded from further analysis, leaving14AGAand23SGAneonates.

The signal-to-noise ratio (SNR) of the component images was
satisfactory and sufficiently good to make imaging based mea-
surements with some degree of confidence, in spite of all the po-
tential sources of artefacts in this study. In all cases, the time series
images of the FAIR acquisition showed a SNR of approximately 25 e

3 depending on the region. For the IVIM, it varied between
approximately 10 and 3.

Intra-observer variability between the repeated FAIR and IVIM
measurements was less than 8% in 95% of cases.

Regression analysis demonstrated that log10 basal perfu-
sion(FAIR) (p ¼ 0.002), log10 placental perfusion(FAIR) (p ¼ 0.021)
Table 3
Median and interquartile range of basal, central and placental values for FAIR and f IVIM
(PI) in pregnancies delivering small for gestational age (SGA) neonates with and withou
(LFW) at the time of the MRI, compared to the appropriate for gestational age neonate g

Appropriate for gestation (n ¼ 14) Small fo

All cases

Basal FAIR (arbitrary units) 2359.0 (1196.0e3542.8) 923.0 (4
Central FAIR (arbitrary units) 978.0 (624.3e1753.0) 780.0 (3
Placental FAIR (arbitrary units) 1305.5 (998.3e1840.3) 940.0 (4
Basal f IVIM % 40.7 (37.5e48.4) 37.8 (2
Central f IVIM % 35.1 (25.8e38.1) 24.3 (2
Placental f IVIM % 36.2 (30.2e39.8) 27.9 (2
Uterine artery PI unit 1.03 (0.92e1.81) 1.96 (1

Comparison between variables by ManneWhitney U-test; *p < 0.05.
and basal f(IVIM) (p ¼ 0.019), central f(IVIM) (p ¼ 0.015) and
placental f(IVIM) (p¼ 0.001) were significantly affected bywhether
the neonate was SGA or AGA, unlike log10 central perfusion(FAIR)
(p ¼ 0.087). FAIR and IVIM values were not significantly associated
with maternal age, maternal body mass index, racial origin or GA.
Log10 uterine artery PI was significantly affected by whether the
neonate was SGA or AGA (p < 0.001) but not by maternal age, body
mass index, racial origin or GA.

The median basal perfusion(FAIR) (923 vs. 2359 arbitrary units;
p ¼ 0.003), basal f(IVIM) (38 vs. 41%; p ¼ 0.046), central f(IVIM) (24
vs. 35%; p ¼ 0.014) and placental f(IVIM) (28 vs. 36%; p ¼ 0.001)
values were significantly lower in pregnancies that delivered SGA
neonates compared to the AGA group. These differences were sig-
nificant not only in those fetuses that had low estimated fetal
weight at the time of the MRI examination but, for basal perfu-
sion(FAIR) and placental f(IVIM), also in those fetuses that had
normal estimated fetal weight at the time of the scan but subse-
quently delivered SGA neonates (Table 3, Figs. 4 and 5).

Median uterine artery PI was higher in the group who delivered
SGA neonates compared with the group who delivered AGA neo-
nates (1.96vs.1.03;p<0.001). Thesedifferenceswere significant not
only in fetuses that had low estimated fetal weight at the time of
MRI, but also in those that had normal estimated fetal weight at the
time ofMRI butwho subsequently delivered SGAneonates (Table 3).

There was a significant association between log10 uterine artery
PI and log10 basal perfusion(FAIR) (r ¼ �0.563, p < 0.001), log10
placental perfusion(FAIR) (r ¼ �0.396, p ¼ 0.015), placental f(IVIM)
(r ¼ �0.477, p ¼ 0.003) and birth weight percentile (r ¼ �0.797,
p< 0.001). Therewas a significant association between birthweight
measured by magnetic resonance imaging (MRI) and uterine artery pulsatility index
t preeclampsia, and in those who had and did not have low estimated fetal weight
roup.

r gestational age (SGA)

(n ¼ 23) LFW at MRI (n ¼ 10) Normal weight at MRI (n ¼ 13)

65.0e1721.0)* 899.0 (428.3e1497.0)* 1116.0 (540.0e2160.5)*
75.0e1461.0) 778.5 (476.0e1493.5) 787.0 (371.5e1329.5)
78.0e1407.0) 916.0 (542.3e1397.3) 940.0 (467.0e1485.0)
9.8e42.5)* 31.1 (26.6e40.5)* 39.9 (36.1e43.4)
1.1e33.2)* 24.1 (18.1e33.7)* 25.1 (21.5e33.6)
2.2e31.0)* 26.1 (18.7e28.8)* 28.9 (24.2e32.4)*
.76e2.24)* 2.13 (1.88e2.83)* 1.83 (1.75e2.15)*



Fig. 5. Box and whisker plots of basal, central and placental f IVIM measurements
obtained by magnetic resonance imaging in appropriate for gestational age (AGA) and
small for gestational age (SGA) neonates. The horizontal line in the box represents the
median, the box represents the interquartile range and the whiskers indicate the
minimum and maximum values.
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percentile and log10 basal perfusion(FAIR) (r ¼ 0.528, p < 0.001),
log10 central perfusion(FAIR) (r ¼ 0.398, p ¼ 0.015), log10 placental
perfusion(FAIR) (r ¼ 0.484, p ¼ 0.002), basal f(IVIM) (r ¼ 0.342,
p ¼ 0.038) and placental f(IVIM) (r ¼ 0.398, p ¼ 0.015). There was a
significant association between log10 basal perfusion(FAIR) and
central and placental f(IVIM) (r ¼ 0.426, p ¼ 0.008 and r ¼ 0.457,
p ¼ 0.004) and between log10 placental perfusion(FAIR) with
placental f(IVIM) (r ¼ 0.350, p ¼ 0.034) (Fig. 6).
4. Discussion

Our study demonstrates that placental perfusion can be esti-
mated successfully using MRI; that placental perfusion is signifi-
cantly lower at 24e29 weeks in pregnancies that subsequently
deliver SGA neonates compared to those with AGA neonates; that
placental perfusion is related to uterine blood flow measured by
uterine artery PI; and that FAIR is more practically useful than IVIM
for investigating placental perfusion.
Fig. 6. Scatter plot demonstrating relationship of log10 basal FAIR and placental f IVIM meas
appropriate for gestational age (open circles) and small for gestational age neonates (close
Whilst FAIR and IVIM do not measure tissue perfusion in the
classical sense (because arterial 1H spins are not exclusively intra-
vascular; and their longitudinal magnetisation decays with T1),
the choice of post-labelling delay in the FAIR sequence (1.2 s)
ensured that signal originated primarily from the tissue rather than
the vascular compartment; and with sufficiently enough tagged
magnetisation before the effects of T1 nullified the label.

In the AGA group, perfusion assessed by both FAIR and IVIMwas
highest in the basal region followed by the placental and then the
central regions. The results cannot be compared directly with pre-
vious studies that useddifferent ROIs, although aprevious studyalso
reported that f(IVIM) was highest in the basal plate region [20]. The
placental perfusion in our study was measured within the narrow
gestational range of 24e29 weeks and was not significantly associ-
ated with maternal characteristics or with GA. This is in agreement
with a previous longitudinal study, which used the FAIR sequence to
examine singleton pregnancies at 20e40 weeks and reported that
placental perfusion did not change with gestational age [18]. How-
ever two previous IVIM studies gave conflicting results: the first
reported a decrease in f(IVIM) from 22e39 weeks’ GA [19], but a
subsequent study found no significant trend in basal plate f(IVIM)
from 16e35 weeks’ GA [21]. As the placenta grows, although the
total flow to the uteruswill increase, the flowper unit volume of the
placenta, as measured by MRI, may stay relatively constant, since
this will be optimised formaximum rate of transport across the villi.

Perfusion(FAIR) was lower in the SGA than the AGA group and
this difference was most marked in the basal plate, for pregnancies
that did, and did not, have low estimated fetal weight at the time of
the MRI. A previous study found placental perfusion(FAIR) at 20e
42 weeks in six women who delivered SGA neonates was not
significantly different from 22 who delivered AGA neonates [16],
but that study used a small sample size and low field (0.5 T) MRI
scanner which would have produced images with a lower SNR.

f(IVIM) was also lower in the SGA group than the AGA group for
all three ROIs, and particularly the placental region, in pregnancies
that did, and did not, have low estimated fetal weight at the time of
the MRI scan. A previous small study reported an apparent redis-
tribution in f(IVIM) from the outer (maternal) part to the inner
(fetal) part of the placenta in SGA [20].

IVIM was better than FAIR in demonstrating reduced placental
perfusion in pregnancies that delivered SGA neonates, showing
urements obtained by magnetic resonance with log10 uterine artery pulsatility index in
d circles).
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reduced perfusion in all three ROIs. FAIR only showed reduced
perfusion in the basal region, although this reduction was more
significant for FAIR than IVIM. FAIR and IVIM could not separate the
AGA and SGA fetuses as well as uterine artery PI, but MR can assess
heterogeneity of placental perfusion which may provide compli-
mentary information to uterine artery PI for the assessment of the
compromised placenta.

The main limitations of these techniques are the effects of fetal
and maternal movement and maternal respiration. Structural im-
ageswere acquired before perfusion images, since fetuses tended to
move less as they grew accustomed to the noise of the scanner.
Maternal respiratory movement affected anterior more than pos-
terior placentae. Artefacts related to bulk motion were more
evident in the IVIM data, possibly because all non-linear molecular
displacements are encoded by the magnetic field gradients, and
because the FAIR sequence averages 25 pairs of images. The basal
plate ROI was most susceptible to movement between scans (the
central ROI least). Occasionally, the exact location of the basal plate
was difficult to determine, either due to placental location, or
movement during the acquisition. In these situations, it was drawn
using the T2-weighted spin echo scan and individual FAIR and IVIM
images.

All the measurements were made by the same observer, who
was not blinded to the study groups, but the measurements were
made prospectively so that pregnancy outcome was not known.
Future work should measure inter-observer repeatability and
reproducibility.

The FAIR ASL schemewas chosen since labelling is performed on
blood in the placenta, without having to locate the feeding artery.
Since movement of blood in the IVS is not restricted to a vascular
bed, FAIR will be sensitive to blood flowing into the slice from both
directions, whichmay include blood flowing out of other slices back
towards the draining veins, overestimating placental perfusion.
However this is unlikely to affect the relative differences in perfu-
sion weighted signals found here. We computed the perfusion
weighted signal rather than fully quantifying perfusion, since
quantification requires an estimate of the placental T1, which would
not be feasible (due to time constraints) on a subject by subject
basis. The IVIM f parameter depends on bloodmovement, and is not
actually directly dependent on tissue perfusion. Thus although FAIR
and IVIM measure blood movement in placenta in different ways,
the two methods may give more similar information than in other
tissue beds where blood is confined to a vascular bed. The model
used for calculating the perfusionweighted FAIR signal was simpler
and more robust to low SNR, than the multi-component fitting
needed for IVIM, although it is possible that an ‘IVIM weighted’
image could be acquired at a single b-value. Despite the differences
between the methods, the results from the two sequences are
positively correlated in some of the ROIs.

IVIM was more sensitive to changes in placental perfusion than
FAIR, but FAIR was better at detecting reduced perfusion at the
basal plate. Since FAIR is quicker to acquire and analyse, gives better
slice coverage, and is less susceptible to movement artefact, it is
likely to be more practically useful clinically.

Relaxometry techniques are a powerful alternative to obtain
information on placental function, but these methods do not
encode the relative displacements of spins (during the time be-
tween diffusion encoding gradients in the case of IVIM; or during
the post-labelling delay in the case of ASL); and therefore do not
provide a direct estimate of diffusion coefficient or perfusion rate.
We have previously studied the placental T2 relaxation times in this
cohort of subjects. Althoughwe have not reported it in detail here, a
strong correlation was observed between the transverse relaxation
time and the IVIM and FAIR results. Other studies using blood ox-
ygen level dependent imaging (BOLD) or diffusion weighted
imaging (DWI) have also yielded valuable information about fetal
and placental function, however, IVIM and FAIR offer the ability to
obtain direct, quantitative estimates of fluid motion in this organ.

In conclusion, this study shows that non-invasive measurement
of placental perfusion by MRI, during the second trimester of
pregnancy, is lower in pregnancies that subsequently deliver SGA
neonates and that the measurement is related to uterine artery PI.
Therefore, the techniques are worthy of further investigation to
determine their potential applicability in the clinical setting. Im-
provements in ASL methodology and scanning hardware may also
potentially enhance the sensitivity and specificity of the technique.
Our results suggest that the FAIR sequence may offer a more
pragmatically suitable method for routine clinical application than
IVIM. These results suggest that these methods may provide a non-
invasive and sensitive assessment of the tissue perfusion proper-
ties. In light of these encouraging results, further studies are
required to evaluate and refine these techniques so that their pre-
dictive value may, in the future, offer a useful complement to
conventional uterine artery PI assessment in the clinical setting.
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