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Apparent Diffusion Coefficient Determination
in Normal Fetal Brain: A Prenatal MR
Imaging Study

Andrea Righini, Elena Bianchini, Cecilia Parazzini, Patrizia Gementi, Luca Ramenghi,
Cristina Baldoli, Umberto Nicolini, Fabio Mosca, and Fabio Triulzi

BACKGROUND AND PURPOSE: Diffusion-weighted MR imaging studies of normal brain
development have focused on premature babies who were free of focal lesions on conventional
MR images. The condition of prematurity, however, is dissimilar to intrauterine life. We sought
to establish normal values of fetal brain apparent diffusion coefficient (ADC) to highlight its
abnormal changes in pathologic conditions and to obtain information about normal brain
development.

METHODS: We measured the ADC, in utero, by using an echo-planar three-axes diffusion-
sensitized sequence (b factor, 0 and 600 s/mm?), in frontal and occipital white matter and basal
ganglia gray matter of 15 fetuses. Their gestational ages ranged from 22 to 35 weeks, and the
postnatal MR images or sonograms revealed normal brain.

RESULTS: Mean ADC value was 1.96 = 0.1 }Lmz/ms (SD) in frontal white matter, 1.95 = 0.1
pm?/ms in occipital white matter, and 1.56 = 0.1 wm*/ms in basal ganglia. A significant
negative correlation between ADC and gestational age was found for basal ganglia, whereas only
a trend was present for frontal white matter.

CONCLUSION: Although moderately higher, the ADC determinations we obtained are con-
sistent with those reported in the literature in postnatal studies performed in premature babies.

The measurement of water apparent diffusion coeffi-
cient (ADC) in the human brain by means of diffu-
sion-weighted (DW) MR imaging has provided valu-
able information in adults with stroke, seizures,
trauma, or white matter disorders (1-4). In prema-
ture and full-term neonates, DW imaging has allowed
observations to be obtained not only in certain brain
diseases, such as global hypoxia-ischemia (5-8) or
periventricular leukomalacia (9), but also in normal
cerebral development (10-13). Prenatal MR imaging
is widely used to assess fetal brain abnormalities in
cases of unclear or incomplete prenatal sonographic
(US) results. In particular, prenatal US has poor
sensitivity in the detection of acute lesions, such as
the early stages of hypoxic-ischemic damage (14),
which is one of the leading causes of fetal brain

Received June 28, 2002; accepted after revision October 20.

From the Departments of Neuroradiology (A.R., E.B., C.P.,
F.T.), Gynecology (P.G., U.N.), and Neonatology (L.R., F.M.),
Istituti Clinici di Perfezionamento, Milan, Italy; and the Depart-
ment of Neuroradiology, Universita’ Salute e Vita - IRCCS San
Raffaele, Milan, Italy (C.B.).

Address reprint requests to Andrea Righini, MD, Department of
Neuroradiology, Ospedale dei Bambini V. Buzzi, Istituti Clinici di
Perfezionamento, Via castelvetro 32, 20154 Milan, Italy.

© American Society of Neuroradiology

799

destructive processes. Prenatal DW imaging enabled
detection of acute fetal brain ischemic lesions in a
very recent report (15). We thought it would be
worthwhile to establish the normal values of fetal
brain ADC not only to highlight abnormal changes in
pathologic conditions, but also to add information
about normal brain development. DW imaging stud-
ies on normal brain development have focused, so far,
on premature babies who were free from focal lesions
noticeable on conventional MR images (11-13). De-
spite the high quality and high spatial resolution of
such imaging data, the condition of prematurity is far
from being similar to intrauterine life. For these rea-
sons, we measured the ADC in cerebral white and
gray matter of fetuses with a normal brain and whose
gestational ages ranged from 22 to 35 weeks.

Methods

Subjects

Among consecutive prenatal MR imaging studies routinely
performed for clinical purposes at our institution from January
2001 to March 2002, the images of 15 fetuses were included in
the study. All mothers signed an informed consent form. The
following inclusion criteria were adopted: 1) fetuses imaged
because of clinical and US suspicion of anomalies in organs
other than the fetal brain, but with normal brain at prenatal US
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Prenatal Brain T2-

Fetus Mother’s Gestational  Clinical or Prenatal Problem Weighted SS FSE
No. Age (y) Age (wks) at US Findings Postnatal Brain MR or US Findings
1 34 30 Intestinal occlusion Normal Normal (US)
32 32 Mega—cisterna magna Mega—cisterna magna  Posterior fossa arachnoid cyst; normal cerebellum
vermis, and cerebral hemispheres (MR)
3 35 24 TTTS, larger (receiver) twin ~ Normal Normal (MR)
studied
4 33 28 TTTS, larger (receiver) twin ~ Normal Normal (MR)
studied
5 23 29 Mega—cisterna magna Mega—cisterna magna  Mega—cisterna magna; normal cerebellum, vermis,
and cerebral hemispheres (MR)
6 27 34 Neck mass Normal Normal (US) (neck cystic hygroma at surgery)
7 35 24 Lumbar hemivertebrae Normal Not available (pregnancy terminated; skeletal
malformations, no meningocele, and normal
brain at autopsy; normal chromosomic map).
8 28 25 Facial anomalies Normal Normal (US) (facial anomalies not confirmed)
9 37 23 Two previous pregnancies Normal Normal (US)
with corpus callosum
agenesis
10 31 29 Intestinal occlusion Normal Normal (US)
11 37 22 Pulmonary adenoid cystic Normal Normal (US)
malformation
12 29 32 Amnionic bands and Normal Normal (US)
oligohydramnios
13 34 25 Diaphragmatic herniation Normal Normal (MR)
14 32 35 Focal hepatic lesion Normal Normal (US)
15 37 22 One previous pregnancy with ~ Normal Normal (US)

corpus callosum agenesis

Note.—TTTS indicates twin-to-twin transfusion syndrome; SS FSE, single-shot fast spin echo.

and at T2-weighted single-shot fast spin-echo (SE) MR imag-
ing (nine cases); 2) fetuses imaged with prenatal MR imaging
because of the risk of possible brain damage, but with normal
prenatal brain sonograms, as in twin-to-twin transfusion syn-
drome, and resulting in negative prenatal T2-weighted single-
shot fast SE MR images (two cases); 3) fetuses imaged with
prenatal MR imaging because brain anomalies had been noted
in previous pregnancies, such as corpus callosum agenesis, but
with normal prenatal sonograms and resulting in negative pre-
natal T2-weighted single-shot fast SE MR images (two cases);
and 4) fetuses imaged because of suspected mild intracranial
anomalies at prenatal US such as widening of cisterna magna
and with otherwise normal prenatal sonograms and prenatal
T2-weighted single-shot fast SE MR images (two cases). All
pregnancies were free from history of maternal diabetes or
hypertension. All neonates had a normal neurologic examina-
tion. In all but one case (fetus 7 in Table), postnatal sonograms
or MR images were available and evaluated separately by three
pediatric neuroradiologists (A.R., E.B., and C.P.), who con-
firmed normal brain findings, with the exception of the two
cases in criterion 4, who showed widening of cisterna magna
and posterior fossa arachnoid cyst at postnatal MR imaging,
respectively. We decided to include these two cases because
postnatal findings related to cerebellar and cerebral morphol-
ogy and parenchymal signal intensity were unremarkable, as
was the neurologic examination. Although it is well known that
the time course of normal brain development can present some
delay in twins, we also included the two cases of twin-to-twin
transfusion syndrome because their ADC values were similar to
the ones of the singletons of the same gestational age.

Mean maternal age was 32.3 * 4.1 years (SD), and mean
gestational age of the fetuses was 27.6 * 4.4 weeks (range,
22-35 weeks) (Table).

MR Imaging and Data Analysis

All MR imaging was performed with a 1.5-T unit (Horizon
LX, Echospeed; GE Medical Systems, Milwaukee, WI). No
sedation of the mother or fetus was required. For conventional
prenatal MR imaging, a body dedicated phased-array coil was
used, and no breath holding was required of the mother. Mul-
tiplanar T2-weighted single-shot fast SE 3—-5-mm-thick sections
were acquired with the following parameters: TR, indefinite;
TE, 90 ms; field of view, 320-380 mm; matrix, 256 X 192. For
DW imaging, we switched to the whole-body coil (without
repositioning the mother), because on our system phased-array
coils did not allow performance of echo-planar DW imaging.
By using sagittal T2-weighted single-shot fast SE sections as a
scout view, axial single-shot echo-planar DW imaging sections
were prescribed on fetal brain. The DW sequence, which had
an acquisition time of 20 seconds, was performed with breath
holding by the mother. Because of frequent image motion
degradation, usually two or three DW sequence acquisitions
had to be performed before obtaining satisfactory images. DW
imaging section thickness varied from 5 to 6 mm according to
fetal head size. Other parameters were 5000/81 (TR/TE), field
of view of 320 mm, and matrix of 128 X 128, leading to an
in-plane resolution of 2.5 X 2.5 mm. The sensitizing diffusion
gradients were applied on the three (x, y, z) orthogonal axes
with two b factors (0 and 600 s/mm?) per axis.

Rotational relatively insensitive mean diffusivity maps (trace
ADC maps) were then calculated by using a standard software
(Func tool) running on the imager’s main console. For each
case, a pediatric neuroradiologist (A.R.), after selecting the
better motion artifact—free DW section at the level of basal
ganglia, traced circular regions of interest (ROIs) on the cor-
responding echo-planar (b = 0 s/mm?, T2-weighted) image in
the basal ganglia, frontal white matter, occipital white matter,
and CSF of the lateral ventricles (Fig 1). ROI sizes varied from
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Fic 1. Representative case (fetus 10 in Table). A, T2-weighted echo-planar image (b = 0 s/mm?), B, corresponding DW image, and
C, resultant trace ADC map illustrate typical ROIs (circles in A and C) traced on an axial section at the basal ganglia level.

30 to 50 mm? and 40 to 80 mm? for the white matter and basal
ganglia regions, respectively, according to the gestational age
and size of the fetal brain. From the image obtained with b =
0 s/mm? ROIs were then automatically transferred onto the
trace ADC map. The ROI values for frontal white matter were
available in 13 of the 15 cases; for occipital white matter, in 14
cases; and for basal ganglia, in 13 cases. Since no statistically
significant difference was found between the ROI values of the
right and left hemispheres, the average between ROI values of
both hemispheres was considered for final statistics. To assess
statistically significant differences between the mean ADC
value in the ROIs traced, a paired ¢ test was used, and p < .05
was considered a statistically significant difference.

Results

The mean ADC value was 1.96 * 0.1 um?*ms (SD)
in frontal white matter, 1.95 + 0.1 um?/ms in occipital
white matter, and 1.56 = 0.1 wum?/ms in basal ganglia;
the difference between basal ganglia and both frontal
and occipital white matter was statistically significant
(P < .0001, paired ¢ test). The mean ADC value in
CSF was 3.1 = 0.1 um?%ms (Fig 2). A significant

3.5
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frontal white occipital white basal ganglia CSF
matter matter

Fic 2.  Graph shows the mean ADC values (bars indicate 2
SDs) for frontal and occipital white matter, basal ganglia, and
CSF ROlIs. The mean ADC of basal ganglia is significantly lower
than that of white matter ROls. * indicates P < .0001 (paired t
test).

negative correlation between ADC values and gesta-
tional age could not be found for frontal and occipital
white matter, although there was a trend in this sense
for frontal white matter. A significant negative corre-
lation with gestational age was found for the basal
ganglia ROIs (Fig 3).

Discussion

DW imaging and ADC determinations are feasible
in fetal brain by using prenatal MR imaging. This type
of study is intrinsically more difficult than postnatal
studies, since image degradation due to mother-fetal
motion artifact and to aorta pulsatility effects may
require more than one acquisition to be repeated to
obtain satisfactory images. The signal-to-noise ratio
and the spatial resolution are not as good as those
obtained with postnatal imaging in infants and in
adult imaging. However, the ADC determinations we
obtained are consistent with those reported in post-
natal studies performed in premature babies (11-13).
Moreover, our ADC values for CSF are similar to
what has been reported in neonates and adult ventri-
cles (12, 16), supporting the consistency of our mea-
surements. The mean ADC value for white matter
ROIs was higher than that of the basal ganglia gray
matter, as already demonstrated by previous studies
in premature neonates (12, 13). The explanation for
this is not totally clear, but it could be because gray
matter has more cells and membranes per volume
unit that unmyelinated white matter, and the intersti-
tial water is more abundant in the latter.

The average ADC values for both white and gray
matter in our study were moderately higher than
those reported in premature neonate DW imaging
studies (range of means for white matter, approxi-
mately 1.8-1.9 wm?/ms; range of means for basal
ganglia gray matter, approximately 1.2-1.3 wm?/ms)
(11-13). The reason for this discrepancy is not clear.
The mean gestational age of our fetuses was moder-
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Fic 3. Graphs show the correlation between ADC values for the ROIls traced and gestational age. A significant negative correlation
was present only for the basal ganglia ROI.

A, Basal ganglia: Y = 2.222 — 0.024X; R? = 0.471; P = .0096.

B, Frontal white matter: Y = 2.394 — 0.015X; R?> = 0.182; P = .1457.

C, Occipital white matter: Y = 2.14 - 0.007X; R? = 0.028; P = .5654.

ately lower than the postconceptional age of the pre- probably related to the aforementioned tissular mod-
mature neonates reported, and this could have re- ifications. Although a trend of negative correlation
sulted in moderately higher ADC values in our study. between gestational age and ADC was evident in
The possibility of partial volume effect also has to be frontal white matter but not in the occipital white
taken into account. In particular, since our spatial matter, we cannot draw consistent conclusions from
resolution was quite coarse, frontal and occipital that, in particular regarding the apparent discrepancy
white matter ROIs may have been contaminated by between these data and the fact that white matter
the adjacent cortical CSF, resulting in higher ADC maturation and myelination are well known to occur
values. However, if this is true for the white matter with an occipital-to-frontal gradient direction. Partial
ROIs, it is very unlikely for basal ganglia ROIs, which volume effects with the adjacent CSF could have
were clear from CSF spaces. An additional explana- affected the occipital white matter ROIs more than
tion for the mentioned discrepancy is the important the frontal white matter ROISs, since the frontal white
difference in biologic enviroment between a fetus and matter was generally thicker than the occipital white
a premature neonate of similar age. The physiologic matter. Moreover, the small number of subjects stud-
phenomenon of dehydration during the first days fol- ied, which is one of the limitations of our study, is
lowing birth, regardless of gestational age, should also probably not sufficient to establish a robust correla-
be considered, as none of the studies on premature tion between gestational age and white matter ADC.
babies could be performed very close to birth. In It is likely that further studies, including more sub-
addition, the dispersion of water after birth can also jects and using higher spatial resolution imaging,
be influenced by a marked instability in the control of would confirm a negative correlation to be present
total body water, which can be exacerbated by the between gestational age and ADC in both frontal and
changing clinical conditions (17). occipital white matter.

Previous studies (11, 13) reported a significant neg- The ROIs we traced in the white matter, in partic-
ative correlation between ADC values and postcon- ular in the frontal area, probably also included, in
ceptional age. Their regression analysis included many of our cases, those periventricular areas con-
measurements in both premature and full-term neo- taining the so-called bands of migrating glia, origi-
nates. Looking exclusively at their data on premature nally described in anatomic tables by Feess-Higgins
babies (younger than 36 weeks’ postconceptional and Larroche (21). In this sense, the fetal white mat-
age), the significance of the negative correlation be- ter is certainly not as uniform in structure as the adult

tween age and ADC may be questioned, although a and fully myelinated white matter. One MR imaging
consistent trend is undoubtedly present. We did find study (22) in premature babies has clearly defined the

a significantly negative correlation between ADC location and extension of such bands of migrating glia
value and gestational age only for gray matter (basal and their temporal evolution; the bands seem to be a
ganglia), although a trend for frontal white matter very important marker of normal brain development,
was noticeable. The explanations for this ADC pro- in particular of the white matter, as these glial pre-
gressive decrease that we can provide are similar to cursors will transform into more mature astrocytes
what has been reported by authors of previous human (most) and only a small part will reach the cortex to
(11, 13) and animal (18) studies: a progressive reduc- reinforce the lowest layer of the cortical glia (23). In
tion in total water content within the brain and a our study, even though the frontal white matter ROIs
rising in lipid concentrations, as shown by pathology included part of these bands, the ADC values of
data (19); an increase in the concentration of macro- frontal and occipital white matter did not differ sig-
molecules within the intracellular compartment; and nificantly, probably because the limited resolution of
a greater membrane surface-to-cell volume ratio (18). our images yielded an average between the ADC of
Moreover, recent data about T2 measurements in the such bands and the ADC of the rest of frontal white
brains of premature babies (20) show also that the T2 matter. If these areas containing the bands of migrat-
value significantly decreases with postconceptional ing glia were investigated with a higher spatial reso-

age, so at least in part both T2 and ADC changes are lution and a more sophisticated technique, such as
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diffusion tensor imaging, their relative anisotropy in-
dex and ADC would probably be different from those
of other white matter areas.

Because of the relatively coarse resolution of the
echo-planar images we obtained, it is possibile also
that the basal ganglia ROI meaurements might have
been affected by partial volume problems, in partic-
ular for the inclusion of some adjacent white matter
areas like the posterior limb of the internal capsule.
However, previous work in the premature age range
(11) has shown that ADC measurements in the pos-
terior limb of the internal capsule tend not to vary
significantly with postconceptional age, probably be-
cause of the already advanced myelination process of
this structure, so this partial volume effect should
have affected the ADC values of basal ganglia ROIs
in our cases in a constant manner.

To obtain better signal-to-noise ratio on DW im-
ages in the present study, we used a b factor maxi-
mum value of only 600 s/mm? similar to previous
studies in premature neonates (11). Recent work on
neonate and adult brains (24) has confirmed the pres-
ence of a slow and a fast component of the ADC
decay curve. The ADC decay curve related to the
neonate brain has a significantly higher fraction of
the fast diffusion component with respect to that of
the adult brain. The use of relatively lower b factor
values, such as in our study, may therefore be pre-
ferred in investigating normal fetal brain, since the
left portion of the ADC decay curve (fast component)
prevails. However, in case of pathologic ADC reduc-
tion, as in acute ischemia, when the slow component
prevails, the use of lower b values might underesti-
mate the degree of ADC reduction.

One of the main limitations of this study is that it
does not deal with the important issue of white matter
anisotropy and its variations along with brain matu-
ration, as shown by previous investigations in neo-
nates (11, 13, 25). Our ADC determination was not
completely rotationally insensitive, since three-axis
DW imaging acquisition cannot accurately explore
the preferential diffusivity within each voxel. In the
aforementioned studies in neonates, technically ade-
quate acquisitions were based on at least six-axis dif-
fusion gradients, to allow a complete spatial charac-
terization of the diffusion tensor for each voxel. In
these studies, brain maturation was associated with an
increase in white matter anisotropy index, which was
noticeable even in areas known from histologic exam-
ination to be not yet myelinated: the so called premy-
elination maturation process or premyelinating state.
This premyelinating state is characterized by increase
in axon diameter, axonal membrane changes, in-
creased concentration of microtubule-associated pro-
teins, and early wrapping of axones by oligodendro-
glial processes (11, 26).

Technical and methodological improvements in fe-
tal DW imaging, such as the use of surface coils, will
allow better spatial resolution and signal-to-noise ra-
tio images to be obtained. Sequences exploring the
preferential water diffusivity on more than six axes
and allowing diffusion tensor determination will

NORMAL FETAL BRAIN ADC 803

probably provide valuable and more detailed infor-
mation about white matter maturation, during both
the myelinating and premyelinating processes; how-
ever, the need for breath-hold images in pregnant
women remains an obstacle, as does the difficulty of
performing so rapid (breath-hold compatible) diffu-
sion tensor imaging acquisitions.

Even if MR imaging has been routinely and widely
used in fetal imaging in the last 10 years (27) and the
subjects we studied had already been scheduled for
clinical imaging, the safety issue of prenatal MR im-
aging should be mentioned, in particular in relation to
the use of echo-planar imaging sequences. Few stud-
ies have so far focused on the safety issue regarding
the use of MR imaging in human fetal imaging. One
in particular by Baker and colleagues (28) investi-
gated the potential long-term adverse effects of echo-
planar imaging in children who had been imaged in
utero. Their data, however, did not demonstrate any
future anomaly, including hearing damage, related to
intrauterine exposure to echo-planar imaging.

The present study provides information about
brain ADC values in normal fetuses of the gestational
age range that usually applies also to fetuses imaged
for suspected cerebral malformations or destructive
lesions. It would be of interest to explore possible
abnormal ADC variations in fetuses with major cere-
bral malformations or with severe intrauterine growth
retardation.

Addendum: Phantom Study

A phantom test was conducted to assess if the ADC
measurements we obtained in fetuses by using the
whole-body coil were comparable to those obtained
in premature neonates during routine clinical studies,
which are usually performed with a standard quadra-
ture head coil. A corn oil phantom was imaged by
using the whole-body coil and the standard quadra-
ture head coil; all the DW imaging acquisition param-
eters were the same as for the fetal MR imaging
protocol. At 22.5°C and after 10 measurements, the
mean ADC value obtained with the whole-body coil
(0.46 = 0.03 wm?*ms) was similar to that obtained
with the quadrature head coil (0.43 = 0.02 wm?*/ms).
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