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In Vivo Intravoxel Incoherent Motion Measurements in
the Human Placenta Using Echo-Planar Imaging at 0.5 T

R.J. Moore,” B. Issa,’ P. Tokarczuk,! K.R. Duncan,? P. Boulby,' P.N. Baker,?
R.W. Bowtell,! B.S. Wor’[hington,1 LR. Johnson,? and P.A. Gowland'*

This paper presents the first in vivo measurements of intravoxel
incoherent motion in the human placenta, obtained using the
pulsed gradient spin echo (PGSE) sequence. The aims of this
study were two-fold. The first was to provide an initial estimate
of the values of the IVIM parameters in this organ, which are
currently unknown. The second aim was then to use these
results to optimize the sequence timings for future studies. The
moving blood fraction (f), diffusion coefficient (D), and pseudo-
diffusion coefficient (D*) were measured. The average value of
f was 26 = 6 % (mean = SD), D was 1.7 = 0.5 x 10~2 mm?/sec,
and D* was 57 = 41 x 1072 mm?/sec. For the optimized values
of b, the expected percentage uncertainty in the fitted values of
f, D, and D* for the placenta were of/f = 14.9%, oD/D = 14.3%,
oD*/D* = 44.9%, for an image signal-to-noise of 20:1, and a
total imaging time of 800 sec. Magn Reson Med 43:295-302,
2000. © 2000 Wiley-Liss, Inc.
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This work aims to demonstrate the ability of magnetic
resonance imaging to make noninvasive in vivo measure-
ments of intravoxel incoherent motion (IVIM) in the pla-
centa (1). Pilot data has been acquired and has then been
used to optimize the sequence for use in any future stud-
ies. This work forms part of a project to determine the
potential of echo-planar magnetic resonance imaging (EPT)
in assessing the compromised fetus. Intrauterine growth
restriction (IUGR) is a major cause of perinatal mortality
and morbidity. Pregnancies complicated by IUGR are
known to be associated with defective trophoblastic inva-
sion during placental development, which impedes utero-
placental blood flow. It is expected that blood movement
measurements made using this technique will eventually
provide a method for probing placental structure and func-
tion, with the aim of assisting in the prediction of IUGR.
There has been much deliberation over the interpreta-
tion of IVIM measurements, in particular over the link
between IVIM and classical perfusion (2,3,4). Classical
perfusion is a measure of the blood delivered to and used
by a specified mass of tissue, and is measured in units of
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ml/min/100 g. It is often measured using spin labelling
techniques in MRI (5). In contrast, IVIM measures quasi
random blood movement within a single imaging voxel
and results in a bi-exponential signal attenuation in a
standard pulsed gradient spin echo (PGSE) experiment.
The pseudo-diffusion coefficient (D*) is associated with
perfusion and is measured in units of mm?®/sec. Signal
attenuation due to D* is observed at lower values of b as it
relates to larger scale movement. The affects of diffusion,
quantified by the diffusion coefficient (D) and also mea-
sured in units of mm?/sec, are observed at higher values of
b and are related to smaller scale movement of water (6).
The value of f measures the total volume of blood moving
in the voxel compared to the total voxel volume and is
quoted as a percentage.

The PGSE sequence (7) has previously been used to
measure f, D, and D*, predominantly in the brain where it
has been criticized for its low sensitivity (8). However, the
expected volume of moving blood in the placenta is high,
reducing image signal-to-noise requirements and improv-
ing sensitivity to f and D*, suggesting that the placenta
would be an ideal site in which to use this sequence.

The development of obstetric MRI has been hampered
by the presence of motion artifacts in images of the fetus.
The unpredictable and nonperiodic nature of fetal move-
ment makes it impossible to use simple techniques such as
gating or retrospective gating to reduce these artifacts.
However, it is possible to produce good quality images of
the fetus using high-speed imaging techniques such as EPI
(9), FLASH (10), or HASTE (11) to freeze physiological
motion. A further advantage of high-speed imaging is that
it provides a method of obtaining quantitative results in a
reasonable imaging time, thereby minimising patient dis-
comfort or stress, which is particularly important when
scanning pregnant subjects. EPI takes 130 msec to form an
image as implemented here (approximate echo train
length), with an echo time to the origin of k-space of 35
msec. It is ideally suited to imaging the fetus because it
produces minimal RF power deposition. Furthermore, de-
spite the sensitivity of EPI to variations in magnetic sus-
ceptibility, there are no significant image artifacts in fetal
imaging because the susceptibility of the fetus is well
matched to the uterine environment.

In order to produce meaningful quantitative results in
vivo using MRI, the measurement parameters must always
be chosen to maximize the reproducibility of the measured
values. This is particularly important in this study because
pregnant subjects cannot lie comfortably in the scanner for
long periods and the work is conducted at low field
strength. Therefore, it is important to select the optimum
combination of diffusion sensitivity or b values to maxi-
mize the reproducibility in f, D, and D*. The measure-
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FIG. 1. Schematic diagram of the PGSE sequence.

ments reported here were acquired using an unoptimized
sequence to provide an indication of the true values of f, D,
and D* in the human placenta in vivo. They have subse-
quently been used to optimize the PGSE sequence specif-
ically for the placenta, so that more reproducible results
can be obtained in the future. Details of the optimization
methods and results are also presented.

EXPERIMENTAL METHODS
Subjects

Approval for this study was obtained from the ethics com-
mittee of The City Hospital, Nottingham. IVIM measure-
ments were obtained for 11 women with apparently nor-
mal healthy pregnancies. The gestational age ranged from
20 weeks to term, the average being 30 weeks (SD = 6
weeks). The work reported here forms part of a larger
project studying the use of EPI in the assessment of the
compromised fetus, and one aim of this was to monitor
fetal organ growth (12). Therefore, at each scanning ses-
sion, an initial multi-slice data set was collected to locate
the placenta, assess its orientation, and allow the future
calculation of placental and other organ volumes. This was
followed by IVIM measurements of the placenta using the
PGSE sequence, and sometimes various other quantitative
MRI measurements.

Magnetic Resonance Scanning

All scanning was performed on the 0.5 T purpose built
echo-planar imaging scanner at the University of Notting-
ham. The MBEST (9) echo-planar encoding sequence was
used, with the switched gradient sinusoidally modulated
at 0.5 kHz. The in-plane resolution was 3.5 mm X 2.5 mm
(switched X broadening gradient), the slice thickness was
7 mm, and the data matrix was 128 X 128. The echo time
to the centre of k-space was 35 msec. For the PGSE se-
quence, the pulsed gradient lobes were 18.4 msec long (3)
with 60 msec between the two leading edges (A), and a rise
time of 2 msec (7), giving a spin echo time (TE) of 115 msec
(Fig. 1). The imaging gradients were rephased during dif-
fusion encoding to eliminate cross terms between the ap-
plied gradients. The diffusion sensitivity parameters (b
values) were altered by varying the gradient amplitude (G).
Two images were collected with each of the following,
relatively low, b values: 0, 0.2, 3, 15, 47, 80, 115, 206, 246,
346, 468 sec/mm?* and with a repetition time (TR) of 10
sec, giving a total imaging time of 220 sec for the IVIM
measurement. If, during acquisition, it was observed that
any image was obviously affected by motion (resulting in

Moore et al.

large areas of signal attenuation on the modulus image),
additional images were acquired at the appropriate b val-
ues. This generally occurred for one or two images per

subject.
-
f G( t//) dt//
0

Generally (13),
t
b =2 j
0
where G(t“) is the pulsed magnetic field gradient and t
represents the time taken to form a gradient echo. Thus, for
trapezoidal gradients, b was calculated to be:
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By including the rise time in this calculation, the diffusion
sensitivity parameter is reduced by 16%.

Analysis

Gross maternal or fetal movement results in very obvious,
large areas of severe signal attenuation on the raw modulus
images. If the signal resulting from these images is sam-
pled, it lies well outside the range of the other data points
collected at similar b-values. All images were checked
prior to analysis, and those on which bulk motion was
apparent were discarded. If motion had been observed
during acquisition, so that an additional image had been
acquired at that b value, data from this image was substi-
tuted.

The average signal from a region of interest (ROI) lying
over the placenta in each image was measured. The ROI
was chosen to be as large as possible, typically containing
100 pixels, but excluded any obvious blood vessels or
artefacts. Blood vessels were identified by averaging to-
gether each set of images; vessels had a lower intensity on
the resulting image since the signal arising from the blood
vessels was attenuated at lower pulsed gradients (Fig. 2). f,
D, and D* were determined by fitting (14) the following
bi-exponential expression to the averaged ROI signals:

S(b) = S,[(1 = fle ™’ + fe "] (3]

where S(b) represents the signal intensity and S, is the
signal intensity when b = 0. A typical plot of the data and
the fitted curve is displayed in Fig. 3. The data were
corrected for the effect of noise in low signal modulus
images (15) by using a lookup table within the fitting
program. Graphs were plotted of the fitted f, D, and D*
against gestational age, and the mean and standard devia-
tion for all normal healthy pregnancies were calculated.

Subject Movement

The PGSE sequence is very sensitive to subject motion
within the diffusion encoding period. Larger fetal move-
ments lead to artificially high signal attenuation in the



In Vivo Measurements of Placental IVIM

b=3 s/mm?

b=47 s/mm? Average

FIG. 2. Images obtained using the PGSE sequence. a, b, c: Images
obtained with diffusion sensitivity parameters 0, 3, and 47 sec/mm?,
respectively. d: In the averaged image, blood vessels appear darker
and are marked with an arrow. This region is also marked on image
a where no visible change in signal is apparent.

placenta, the fetal tissues and in the amniotic fluid. Images
obviously affected in this way were simply discarded from
further analysis. The problem arising from less dramatic
fetal movements has been examined experimentally. This
type of movement would attenuate signal from the pla-
centa in a similar, but smaller, way to more dramatic
movement events. One pregnant patient was scanned con-
tinuously to obtain 5 measurements of f, D, and D*.

EXPERIMENTAL RESULTS

Figure 4a, b, and ¢ show the variation in the fitted param-
eters with gestational age. The value of f averaged over all
normal healthy subjects was found to be 26 + 6 % (mean *
SD), and a weak trend with gestational age was found
indicating that f decreased at the rate of 0.6% per week
(P = 0.05, single-factor ANOVA). The value of D averaged
over all normal healthy subjects was 1.7 + 0.5 X 107°
mm?/sec and of D* was 57 =41 X 10~° mm?*/sec.

Movement Results

For the 5 repeated measurements on one subject, only one
of the 130 images collected was considered to be affected
by gross fetal movements from a large area of signal atten-
uation visible on the image. Figure 5a shows all the diffu-
sion attenuation data sets including the point from the
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affected image (marked as a diamond): it clearly lies well
away from the rest of the data.

Coherent motion across the whole voxel where by each
spin moves at the same velocity, results in a signal phase
shift, which is not detected in modulus images. Rotational
and warping movement, where by spins move at different
velocities within a voxel, causes the spins to dephase and
results in signal attenuation. Given the unpredictable na-
ture of fetal motion, it is assumed that the amount of
motion is not identical during each image acquisition.
Therefore, the amount of dephasing would vary from im-
age to image. As the b-value is increased, the sequence
becomes more sensitive to this type of movement. The
extent of rotational movement would be reflected by an
increase in the standard deviation in signal intensities
with increasing b value. The SD at each b-value was cal-
culated, normalized, and plotted against diffusion sensi-
tivity in Fig. 5b. The SD remained fairly constant with
increasing diffusion sensitivity (r = 0.66).

Optimization Method

The signals measured following the PGSE sequence are
inevitably affected by noise, which will be assumed to be
normally distributed. This noise propagates through the
analysis so that the fitted values of f, D, and D* are dis-
tributed about the true values. The width of the distribu-
tion in the fitted parameters is defined by a confidence
interval of plus or minus one standard deviation, and is
related to the exact choice of b-values at which the signals
are sampled. The choice of b-values was optimized to
minimize this confidence interval. The alpha matrix (14)
defined in Eq. [4] where the terms represent the differen-
tials of Eq. [3] with respect to S, f, D, or D* in turn, and the
expression is summed over N values of b. ¢ is the exper-
imentally measured image signal to noise ratio, expressed
as a percentage.

N1 [aS(bza) aS(bsa)
o]

“u = z ? 6ak 301

The covariance matrix (14)

-0.6

w Data ;&rits
—Fit

log S(b)/So

-0.8 [ ]

-1.2 T ; T T

0 100 200 300 400 500

b (s/mm?)
FIG. 3. A typical plot of the signal attenuation versus diffusion

sensitivity parameter, b. Note the obvious bi-exponential nature of
the data on this log/lin plot.
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was calculated as an estimate of the standard errors in the
fitted parameters. The values of S, f, D, and D* obtained
in-vivo, were then substituted into the covariance matrix
and used to determine the percentage confidence limits
aS,, of, oD, and oD*,

oa, = = \JAx* |Cy, (6]

where Ax? is the tabulated value corresponding to a de-
sired confidence level of 68% for four degrees of freedom
(14). The error in fitting each parameter was then calcu-
lated separately as oS,/S,%, of/f%, oD/D%, and oD*/
D% *.

The initial aim of this optimization was to minimize the
value of of/f%, 6D/D%, and ¢D*/D*% with respect to the
selection of b values for a fixed imaging time. Two differ-
ent schemes were investigated for distributing the b val-
ues: linear [a, 2a, 3a, . . ., na] and geometric [a, (ar), (ar?),
(ar®), ..., ar™ V]. TR was fixed at 10 sec to allow full
recovery after the spin echo. By reducing TR, a greater
number of images could be acquired within the total ex-
perimental time, and TR could be optimized separately to
improve signal to noise per unit time, but this would have
no effect on optimum b-value scheme. It was fixed here at
10 sec to minimize any spin history effects. The image
signal-to-noise ratio was experimentally measured at 20:1.

Moore et al.
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FIG. 4. a, b, c: f, D, and D* values, respectively, measured using the
unoptimized PGSE sequence plotted against gestational age.

Firstly, the geometric sampling scheme was investigated
by using different combinations of a and r to alter the
b-values. Keeping the total acquisition time constant, the
number of samples and the number of times each sample
was acquired, were varied. This was then repeated for total
acquisition times ranging from 100 to 3600 sec.

For the linear scheme the total imaging time was ini-
tially fixed and a was varied. Then the optimum number of
samples and the number of repeats at each b value were
investigated. Again, this was repeated for total acquisition
times ranging from 100 to 3600 sec.

It became apparent that ¢D*/D*% far exceeded of/f%
and oD/D%. Consequently, the values obtained for of/f%
and 0D/D% at each combination of a and r, were summed
with even weighting to produce a confidence measure,
which shall be referred to as C;, for the purposes of this
paper. Geometric and linear optimizations were then re-
peated with the aim of reducing C;, to less than 15% for
a minimum acquisition time, i.e., the final optimization of
the sequence excluded D*, as measurements of D* were
found to be too noisy to be useful.

Optimization Results

Figure 6 shows a contour plot of the confidence measures
for the geometric sampling scheme as a and r were varied.
The total acquisition time was fixed at 800 sec (16 values
of b, each repeated 5 times). As expected, it was found that
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FIG. 5. a: The signal collected from 131 placental images collected
at various b-values. The data point effected by stochastic fetal
motion is marked with a diamond. b: SD of the normalized image
signal for a placental ROI at each b-value.

the minimization of ¢D*/D*% required the greatest con-
centration of image acquisitions to be at lower b-values.
Conversely, the minimization of ¢D/D% required the
greatest concentration of image acquisitions to be at higher
b-values. The minimization of of/f% lay between these
two extremes. This was a general result for all sampling
schemes. As indicated above, it was also apparent that
measurements of f and D were far more reproducible than
D* measurements, illustrating the inherent insensitivity of
the PGSE sequence to D*, even in the presence of a large
volume of moving blood (f) as found in the placenta. For
16 sample points, the optimum sampling scheme was
found when r = 1.53 and a = 2.00. This may be compared
to the optimized sampling scheme with the same total
imaging time used in the initial experiment. Details of
these results are found in Table 1 and illustrate that the
main contribution to the total experimental accuracy is the
total imaging time.

As expected, if the total acquisition time was permitted
to change, the optimum combination was the same irre-
spective of the number of times the sampling scheme was
repeated. Figure 7 is a plot of the confidence measure C;
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against total acquisition time. The number of b-values was
fixed at 16 (square points) (using the optimum sampling
scheme; i.e., geometric with r = 1.53, @ = 2.00) and the
total acquisition time was varied by increasing the number
of repeats of each sample point. As the total scanning time
increased, a diminishing improvement in C;, was ob-
tained as expected. If the PGSE sequence could be applied
with this TR for 1 hour, C;, would be reduced to 6.8% for
an image signal-to-noise ratio of 20:1. To reduce C; , to less
than 15%, 5 repeats were necessary. Figure 7 also plots the
value of C;, against total acquisition time when the num-
ber of b-values was fixed at 24 (circular points) (using the
optimum sampling scheme; i.e., geometric with r = 1.31, a
= 2.25). It is apparent that the value of C;j, did not vary
significantly with the number of b-values used in this
range and was mainly dependent on the total acquisition
time.

Figure 8 displays the variation in C;, using the linear
sampling scheme. For a fixed time of 800 sec (16 samples,
5 repeats) the minimum C;, was calculated at 15.9%. This
compares to the value of 14.9% when using the geometric
scheme (16 sample points, r = 1.53 and a = 2.00).

The error in fitting each parameter was also calculated
for the b-values used in the experimental section of this
paper. These values are displayed in Table 1 together with
the summary of the above results.

DISCUSSION

Intravoxel incoherent motion analysis provides a nonin-
vasive method of assessing f and D to provide information
about the movement of blood in the placenta. The voxel
volume is relatively large and the distribution of velocities
present within the feeding and draining vessels, and their
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FIG. 6. A contour plot of the variation in fitting errors for each
parameter using the geometric sampling scheme using 16 samples
and 5 repeats. a: The variation in of/f% as a and r are varied.
Contours are drawn at 15, 18, 25, 40, 80, 200 units. b: The variation
in D/D% as a and r are varied. Contours are drawn at 14, 15, 20,
40, 80, 200 units. c: The variation in ¢D*/D*% as a and r are varied.
Contours are drawn at 43, 45, 55, 75, 100, 200 units. d: The variation
in C; as a and r are varied. Contours are drawn at 15, 20, 30, 50,
100, 200 units.
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Table 1
Summary of the Optimization Results

Moore et al.

b-Values (geometric scheme)

Confidence measure

D D* e
f 1073 1073 a r N° Samples N° Repeats  Time (s) offt oD/ oD'/D
% ) ) % % %
mm=/s  mm?®/s
optimized for 220s 1.9 1.86 11 2 220 28.1 27 83.6
optimized for Cp; = 15% 26 1.7 57 2 1.53 16 5 800 14.86 14.24 449
unoptimized 0, 0.2, 3, 15, 47, 80, 115, 206, 246, 346, 468 220 29.2 33.8 86.5

orientations are very varied. Therefore it is expected that
the contributions from these vessels are dephased by even
the lowest amplitude of pulsed gradients and do not con-
tribute significantly to the measured value of D or D*. Fetal
blood within the placenta is transported through a vascu-
lar bed with a hierarchy of vessel sizes, the smallest of
which are hairpin like capillary loops which carry blood
in a random walk. A large fraction of the placenta is filled
with maternal blood in intervillous spaces that have con-
stantly altering sizes and shapes. Both maternal and fetal
blood flows, which are controlled by very different mech-
anisms of circulation, contribute to the value of f, D, and
D* measured.

D*, which dominates at the lower values of b, relates to
the circulation of blood on a scale that is smaller than a
single voxel. This parameter may be related to the rate of
perfusion in the placenta which has also been measured
using the nonselective/selective inversion recovery se-
quence to produce perfusion maps (5) A large degree of
variability in D* was expected, due to the value of oD*/
D*% calculated for the unoptimized sequence. However, a
striking feature of the results obtained with the spin label-
ing technique is the spread in perfusion rate across the
placenta. Therefore, it is likely that some of the variation
in the results obtained using ROI data is due to the biolog-
ical differences between subjects and heterogeneity in the
structure of the placenta, despite the fact that regions were
always chosen to avoid areas that apparently corre-
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FIG. 7. Plots the decreasing value of the confidence measure C;

as it relates to the total scanning time with the geometric sampling
scheme. The number of values of b was fixed at 16(CJ) and 24 (O).

sponded to vessels. Nonetheless, with the S/N currently
available, D* measurements are too noisy to be useful.

Diffusion measurements are also sensitive to back-
ground gradients and in the placenta there may be consid-
erable local susceptibility gradients. Future work will be
aimed at implementing diffusion sequence with no sensi-
tivity to background gradients (16), although it may only
be possible to implement these in a model (remotely per-
fused) placenta system because of the increased gradient
strength required.

Another source of variability would be the orientation of
the placenta with respect to the axis along which the
pulsed gradients were applied, because it has become clear
that the placenta is a heterogeneous, but structured organ.
In future work the orientation of the gradients with respect
to the placenta will be standardized.

The additional data acquired to examine the effect of
fetal motion on the data indicates that this effect does not
dominate over other sources of variability including noise
in the fit and the pulsatile nature of placental blood flow.

Values of D*, as quoted in the literature (17,18) are 6.5 X
10~% and 80 X 10~° mm?/sec for the cat and rat brain,
respectively. The value measured here for the placenta is
(57 X 10~® mm?/sec). Although comparisons have limited
usefulness, as the data was collected with different se-
quence parameters and D* is very sensitive to noise in the
fit, the results are strikingly different. In the brain, D*
relates to the velocity of circulating blood and the length of
the capillary limb (4) within pseudo-randomly orientated
blood vessels. This interpretation is analogous for the fetal
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FIG. 8. Plots the variation in C; with a using the linear sampling
scheme. There are 16 samples repeated 5 times.
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vascular system, however, the maternal blood does not
travel in capillaries through the placenta, but collects in
pools in the intervillous spaces. In the placenta, the PGSE
sequence measures a D* value that probably relates to the
movement of blood in the intervillous spaces and the flow
of blood in the fetal capillaries within the villi.

The value of D is related to molecular mobility on a
smaller scale, which is governed by random Brownian
motion and therefore the physical characteristics of the
tissue, such as cell size and membrane permeability. This
value showed no trend with gestational age as measured
with the unoptimized sequence. In the normal cat and rat
brain (17,18) D was found to be 0.72 X 10 ® and 0.8 X
10~ mm?s ', respectively, whereas a mean value of 1.7 X
10~° mm?s~" was measured here. This difference is likely
to be due to the large intracellular spaces found in the
placenta (19) compared with the brain.

The value of f measures the fraction of blood flowing in
the voxel compared to the total voxel volume. A weak
trend was found whereby f decreased at 0.6% per week
with gestational age. The fractional volume of intervillous
space, relative to the total villous and intervillous volumes
has been reported to vary as follows: 0.56 at 13—15 weeks,
0.48 at 22—23 weeks, 0.54 at 29-31 weeks, and 0.46 at
36—39 weeks (19) and therefore a decrease in f with ges-
tational age might be expected. Typical values of f in the
cat and rat brain (17,18) are 8.3 and 5%, which is far less
than the value measured for the placenta (26%). Although
the usefulness of direct comparisons is again limited by
the differences in the sequence parameters, this difference
is to be expected due to the larger fractional volume of the
intervillous spaces in the placenta compared to the intra-
vascular space of the brain, which is 5% of the total brain
volume (20). Because of this difference, values of f are
more accurate when measured in the placenta.

The optimum sequence for measuring IVIM in the pla-
centa was found to have 16 b-values, geometrically spaced
with r = 1.53 and a = 2. If applied for 800 sec, of/f =
14.86%, cD/D = 14.24%, cD*/D* = 44.9%. For simplicity
of optimization and implementation, the optimization has
only considered general systematically varying values of b.
Therefore, it is possible that other schemes for arranging
b-values will further decrease the level of noise in the fit.
It is important to note that the optimization was performed
for a basic image signal-to-noise of 20:1, which is typical
for whole-body EPI at 0.5 T. At lower noise levels, the
sensitivity of the sequence improves dramatically (see Pe-
kar, Ref. 8), although it is expected that the optimization
results will remain the same and the values of of/f, cD/D,
and oD*/D* will scale. Furthermore, no attempt has been
made to change TR. Mathematically, the optimization of
TR is straightforward, but in practice may be empirical,
being dependent on patient movement and spin history
effects.

Safety is always an important issue when scanning fe-
tuses. EPI causes low RF deposition but uses rapidly vary-
ing gradients, which give rise to relatively high magnetic
field switching rates (dB/dt). The main risk from high
magnetic field switching is cardiac defibrillation. How-
ever, in this implementation of EPI the switching rates
(instantaneous maximum 19 T/sec), and switching times
(sinusoidal period 850 ps), are much lower than those
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expected to pose any risk to the human heart (21). In the
fetus the heart is surrounded by lungs filled with conduct-
ing amniotic fluid, contained in a pregnant abdomen, pro-
viding a potentially larger area around which circulating
currents can form. However, because the fetal heart is
always close to the centre of the magnet, when a transverse
gradient is switched so that the gradient sign reverses
across the volume of interest, the effective current loop
radius and hence induced electric field are reduced. The
minimal RF power deposition involved with EPI could be
particularly important in the fetus where the dissipation of
heat may be restricted as the fetal and maternal circulatory
systems are separate.

CONCLUSION

This paper presents the first in vivo measurements of IVIM
in the human placenta, and gives the range of f, D, and D*
values to be expected in normal pregnancy. The optimiza-
tion has shown that the values of D and f can be measured
to a precision of 15% within 14 min, but higher signal-to-
noise is required for precise measurement of D*. Using the
unoptimized sequence a weak trend was found linking the
value of the f to gestational age. Now that the PGSE se-
quence has been optimized, further work will include the
collection of data from both the normal and compromised
cases using the optimized sequence.
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