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BACKGROUND AND PURPOSE: Previous studies of diffusion-weighted imaging (DWI) in fetuses are
limited. Because of the need for normative data for comparison with young fetuses and preterm
neonates with suspected brain abnormalities, we studied apparent diffusion coefficient (ADC) values
in a population of singleton, nonsedated, healthy fetuses.

MATERIALS AND METHODS: DWI was performed in 28 singleton nonsedated fetuses with normal or
questionably abnormal results on sonography and normal fetal MR imaging results; 10 fetuses also had
a second fetal MR imaging, which included DWI. ADC values in the periatrial white matter (WM),
frontal WM, thalamus, basal ganglia, cerebellum, and pons were plotted against gestational age and
analyzed with linear regression. We compared mean ADC in different regions using the Tukey
Honestly Significant Difference test. We also compared rates of decline in ADC with increasing
gestational age across different areas by using the t test with multiple comparisons correction.
Neurodevelopmental outcome was assessed.

RESULTS: Median gestational age was 24.28 weeks (range, 21–33.43 weeks). Results of all fetal MR
imaging examinations were normal, including 1 fetus with a normal variant of a cavum velum
interpositum. ADC values were highest in the frontal and periatrial WM and lowest in the thalamus and
pons. ADC declined with increasing gestational age in periatrial WM (P � .0003), thalamus (P � .0001),
basal ganglia (P � .0035), cerebellum (P � .0001), and pons (P � .024). Frontal WM ADC did not
significantly change with gestational age. ADC declined fastest in the cerebellum, followed by the
thalamus.

CONCLUSIONS: Regional differences in nonsedated fetal ADC values and their evolution with gesta-
tional age likely reflect differences in brain maturation and are similar to published data in premature
neonates.

Studies on diffusion-weighted imaging (DWI) in infants
and children have clearly demonstrated a progressive de-

cline in water diffusivity in the brain, which parallels known
histologic and functional data about brain development. In-
creasing interest in fetal therapy combined with the increasing
incidence of premature births1,2 has resulted in an increasing
need to understand normal brain maturation before term, yet,
to our knowledge, there are few studies of diffusivity values in
normal fetuses or in preterm infants before term.3-10 Preterm
neonates are much more commonly studied at term equiva-
lent age, and their diffusion metrics—apparent diffusion co-
efficient (ADC), fractional anisotropy, and eigenvalues—are
compared with those of term neonates. As a result, few normal
values have been generated for comparison with brain diffu-
sion metrics of fetuses or preterm neonates with suspected
brain abnormalities.

Limited studies of DWI in fetuses suggest that cerebral
maturation is reflected in an evolution of ADC values that

begins in utero.3-6 These studies offer much promise to the
study of premature neonates as well as to developmental ab-
normalities that may occur in utero. All such studies to date,
however, are primarily on older fetuses, with very few fetuses
imaged before 24 gestational weeks. Moreover, these studies
are also limited in that they include fetuses with conditions
known to affect brain development, such as twinning compli-
cations and congenital heart disease,11,12 fetuses with extrace-
rebral malformations, and sedated fetuses, and have limited or
no neurodevelopmental follow-up. To overcome these issues
and to provide normative data for diffusivity of the developing
preterm brain, we chose to study normative fetal ADC values
in a population of singleton, nonsedated, healthy fetuses with
normal neurodevelopmental outcome.

Materials and Methods
We identified all studies in which fetal DWI was performed as part of

the fetal MR imaging from January 1, 2004, to November 1, 2008, in

fetuses with normal prenatal ultrasonographic results or questionable

sonographic abnormalities, with subsequent normal fetal MR imag-

ing results. Fetal DWI was performed during maternal breath-hold on

a 1.5T scanner (GE Healthcare, Milwaukee, Wis) with a single-shot

spin-echo echo-planar DWI sequence acquired in the axial plane by

use of a b-value of 0 and 600 s/mm2 in 3 orthogonal directions. The

following parameters were used: TR, 4500 ms; TE, min; FOV, 32 cm;

matrix, 128 � 128; section thickness, 5 mm; skip, 2 mm; and band-

width, 167 kHz. As part of the fetal MR imaging, all women also had

3-mm axial, sagittal, and coronal single-shot fast spin-echo T2-

weighted images acquired with use of real-time imaging for the fetus13

and axial fast multiplanar spoiled gradient-recalled acquisition in the

steady state T1-weighted images. In cases in which a second fetal MR
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imaging examination was performed as part of the evaluation, the MR

imaging and DWI techniques were the same as for the first fetal MR

imaging. All fetal MR images were performed without any maternal

or fetal sedation. Our institutional review board approved this study.

Fetal DWI was transferred off-line, and each diffusion image was

reviewed by a pediatric neuroradiologist for any evidence of motion

in any direction or other artifacts such as from bowel gas in the ma-

ternal rectum. When a raw diffusion image was affected by motion or

other artifacts, any data from that section were excluded from the

study. When fetuses had more than 1 diffusion series per scan, every

available diffusion series was evaluated in this manner. We then cal-

culated ADC maps by using in-house software and also reviewed ADC

maps for image quality such as distinction of the germinal matrix and

cortex from adjacent developing white matter (WM) and CSF. Be-

cause diffusion gradients were only applied in 3 directions, we could

only measure ADC values and could not measure other diffusion

parameters such as anisotropy.

Regions of interest (ROIs) were drawn on ADC maps in the peri-

atrial WM, frontal WM, thalamus, basal ganglia, cerebellum, and

pons (Fig 1). Whenever possible, ROIs were placed bilaterally. ROIs

were always reviewed by a pediatric neuroradiologist. For the thala-

mus, basal ganglia, and pons, a circular ROI was used, which included

as much of the anatomic area of interest as possible. ROI areas ranged

from 17 to 41 mm2 for the thalamus, 8 to 45 mm2 for the basal ganglia,

and 7 to 24 mm2 for the pons. The cerebellar ROI was placed in the

center of the cerebellum to minimize inclusion of the cortex, with

ROI areas ranging from 9 to 60 mm2. Both periatrial WM ROI and

frontal WM ROI extended across the cerebral mantle, sparing the

germinal zone and the cortex; therefore, they included the interme-

diate zone and the subplate, both of which will ultimately contribute

to the cerebral WM. The periatrial WM ROI was ovoid and was placed

midway between the anterior and posterior margin of the ventricular

atrium, and its area was proportional to the width of the brain at the

same section. The width of the brain was multiplied by a constant

factor of 0.025, and the resulting product was used as the area of the

periatrial WM ROI, with areas ranging from 10 to 20 mm2. The fron-

tal WM ROI was circular and was drawn anterior to the frontal horns

on the most inferior section through the frontal horns. Frontal WM

ROIs ranged in size from 4 to 64 mm2.

We calculated ADC values for each anatomic ROI using in-house

software. When ROIs were available for more than 1 diffusion series

acquisition for a fetus, ADC values were averaged for all the diffusion

series to yield 1 value for each anatomic location. Because ADC values

were not significantly different between the right and left hemispheres

with use of the Wilcoxon signed-rank test, ADC values from both

sides were averaged for each anatomic location when available.

For each of the anatomic locations, ADC values were plotted

against gestational age by last menstrual period and analyzed with

linear regression (P � .05). The linear regression model was not sig-

nificantly affected by a variable classifying the fetuses scanned at 2

time points. Thus, multiple scans of the same fetus were included as

separate data points in our analyses. We compared mean ADC values

in the different anatomic regions using the Tukey Honestly Signifi-

cant Difference test (P � .05). We then compared rates of decline in

ADC values with increasing gestational age across different areas with

a t test by using the Bonferroni correction for multiple comparisons,

with a corrected P value of .0125.

Neurodevelopmental outcome was assessed by either a phone in-

terview and questionnaire with the parents or by a structured neuro-

logic examination with the neuromotor score14 by a child neurologist

and the Bayley Scales of Infant and Toddler Development, 3rd edi-

tion,15 administered by a research psychologist at 1 year postnatal age.

A neuromotor score of 0 or 1 and Bayley-III Cognitive, Language, and

Motor Scale scores of 80 or more were considered normal. For those

evaluated by phone questionnaire, the child’s development was con-

sidered normal if the child met developmental milestones with no

developmental concerns by the pediatrician and parent. Only chil-

dren with normal neurodevelopment were included in this study.

Results
A total of 45 fetuses had DWI performed as part of fetal brain
MR imaging; in 17 cases, a second fetal MR imaging examina-
tion was also performed. Of these, 28 fetuses were included in
our study, 10 of whom also had a second fetal MR imaging, for
a total of 38 fetal MR imaging examinations contributing to
the data in this report. Median gestational age by last men-
strual period at the time of the MR imaging was 24.28 weeks
(range, 21–33.43 weeks), with 16 fetuses scanned before 24
gestational weeks. A total of 13 women were scanned as
healthy volunteers as part of an ongoing fetal MR imaging
study, and 2 of those also had a previous abnormal pregnancy;
all women had normal prenatal sonographic results before the
MR imaging study, including 1 in whom a small enteric dupli-
cation cyst was incidentally detected by fetal MR imaging. A
total of 8 women were scanned because of a previous preg-
nancy with brain abnormalities, and all had normal prenatal
ultrasonographic results except for 1 patient, who had a single
multicystic dysplastic kidney. There were 7 women who un-

Fig 1. ADC map in fetuses aged 22.43 to 23 weeks showing ROIs in the (A) cerebellum and pons; (B ) periatrial WM, thalamus, and basal ganglia; and (C ) frontal WM.
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derwent scanning because of questionable sonographic ab-
normalities. These included 4 cases with possible inferior ver-
mian hypogenesis on an early ultrasonographic study and
then a normal-appearing vermis on subsequent ultrasounds
performed before the fetal MR imaging, and 3 cases with a
questionable midline cyst vs a prominent posterior third ven-
tricle (1 of whom had normal results on ultrasound on a more
detailed level II sonography examination before the MR im-
aging, and 1 of whom had a cavum velum interpositum on
fetal MR imaging). All women had normal fetal MR imaging
results, including 1 fetus with a normal variant of a cavum
velum interpositum. Mean age at postnatal assessment was 15
months (range, 3–58.4 months) and included Bayley-III and
neurologic evaluation in 8 cases, phone questionnaire in 18
cases, and ongoing pregnancies in 2 cases. All children met
age-appropriate neurodevelopmental milestones. For the
children who underwent formal neurologic evaluation at 1
year postnatal age, mean scores for the Bayley-III Cognitive,
Language, and Motor Scales were 104, 89, and 96, respectively.

In each case, at least 2 DWI sequences were performed,
with a mean number of 4.8 diffusion sequences per MR imag-
ing examination. Of the total of 38 scans included in our study,
a periatrial WM ROI was successfully drawn on 33 scans; a
basal ganglia ROI, on 28 scans; a thalamus ROI, on 28 scans; a
frontal WM ROI, on 26 scans; a cerebellum ROI, on 16 scans;
and a pons ROI, on 17 scans.

The highest ADC values occurred in the frontal and peria-
trial WM, and they were significantly higher than all other
areas (Fig 2). The cerebellum had significantly higher ADC
values than the basal ganglia, thalamus, and pons. The lowest
ADC values were observed in the thalamus and pons, and
these ADC values were significantly lower than those in all
other areas.

With increasing gestational age, a significant decline in
ADC values was found in the periatrial WM (P � .0003), thal-
amus (P � .0001), basal ganglia (P � .0035), cerebellum (P �
.0001), and pons (P � .024) (Fig 2). We did not observe a
significant change in ADC in the frontal WM with increasing
gestational age. The cerebellum had the fastest rate of decline
in ADC values with increasing gestational age, which was sig-
nificantly faster than the periatrial WM (P � .0001), frontal
WM (P � .000000), basal ganglia (P � .000003), thalamus
(P � .012), and pons (P � .009). ADC values declined more
rapidly in the periatrial WM than in the frontal WM (P �
.001), but were not significantly different from the thalamus,
basal ganglia, or pons. The thalamus had the second fastest
rate of decline of ADC values with increasing gestational age,
and this was significantly faster than the basal ganglia (P �
.002) and frontal WM (P � .0000004).

Discussion
We observed regional differences in ADC values as well as
different rates of decline in ADC with increasing gestational
age in nonsedated singleton fetuses during the second half of
the second trimester and the first half of the third trimester. In
particular, ADC values in the supratentorial WM were higher
than ADC values in the deep gray nuclei, cerebellum, and
pons. Moreover, the most rapid decline in ADC values was
observed in the cerebellum and thalamus, followed by the

pons, basal ganglia, and periatrial WM, with no significant
decline in the frontal WM.

Previous studies have shown a steady decline in ADC val-
ues in the supratentorial deep gray nuclei with increasing ges-
tational age,3,4,6 which is similar to what we observed. Changes
in ADC values in the supratentorial WM, however, are more
variable.3,4,6 In the first published study of DWI in fetuses aged
22 to 35 gestational weeks, ADC values in the periatrial and
frontal WM did not significantly decline with increasing ges-
tational age.3 However, this study was limited to 15 nonse-
dated fetuses, some of which were twin pregnancies compli-
cated by twin-to-twin transfusion syndrome. Because
sulcation is delayed in twins,16 it is likely that other markers of
brain development are delayed as well, perhaps even more so
in complicated monochorionic twin pregnancies. A subse-
quent study of 56 nonsedated fetuses did observe a decline in
supratentorial WM ADC values6; however, they averaged the
frontal and parietal WM values, and we have shown that ADC
values and their change with increasing gestational age are
different in the frontal WM and the parietal WM. Moreover,
although they observed a decline in supratentorial WM ADC
values with increasing gestational age, it is important to note
that they included fetuses with cardiac abnormalities because
cardiac abnormalities likely influence brain development.11

Fetal ADC values have also been reported in studies of se-
dated fetuses.4,5 Our observation of a decline in ADC values in
the thalamus, pons, and cerebellum with increasing gesta-
tional age is similar to the largest study of fetal DWI in 78
sedated fetuses by Schneider et al.4 However, it is interesting to
note that they observed an increase in ADC values in the peria-
trial and frontal WM and basal ganglia from 23 to 29 weeks’
gestation, with a decrease in ADC values from 30 to 36 weeks’
gestation. These differences in observation could be the result
of the size and shape of ROIs because our ROIs were adjusted
depending on the size of the fetal brain. In particular, our
periatrial WM ROIs were ovoid, ranging in size from 10 to 20
mm2 depending on the diameter of the brain at that level, and
did not include the cortex or germinal matrix. It is possible
that the lower ADC values that they observed in younger fe-
tuses could be the result of their fixed ROI size of 84 mm2

regardless of gestational age. In younger fetuses with thinner
cerebral parenchyma, a large circular ROI could result in in-
clusion of the germinal matrix and/or cortex and, thus, lower
ADC values. Moreover, these differences could also be from
the greater number of young fetuses included in our study. In
particular, we measured periatrial WM ADC values in 18 fe-
tuses that were younger than 28 gestational weeks compared
with 9 fetuses included in their study. Furthermore, only 2 of
their fetuses were younger than 24 gestational weeks, which
differs from our study, which includes 16 fetuses that were
younger than 24 gestational weeks at the time of MR imaging.

It is worthy to note that because normal fetal values might
conceivably be considered norms for preterm neonates, our
findings are similar to what has been observed in premature
infants scanned preterm.7,8,10 More specifically, our thalamic,
basal ganglial, and posterior WM ADC values are similar to
what has been reported in preterm neonates as young as 27
weeks with normal results on MR imaging and normal results
at 1-year neurodevelopmental examination.10 Furthermore,
ADC values also decline with increasing gestational age in pre-
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term neonates scanned at preterm.7,8,10 In premature neonates
aged 27 to 38 weeks, the most rapid decline in ADC values was
seen in the thalamus, followed by the basal ganglia, with the
slowest decline in the parietal and frontal WM, which is very
similar to what we observed.10

Our study differs from previously published fetal DWI
studies in that many of our fetuses were less than 24 gestational
weeks, which reflects the gestational period when most fetal
MR imaging examinations are performed in the United States.
Nearly all previous studies only included 2 to 6 fetuses younger
than 24 gestational weeks, compared with 16 fetuses younger
than 24 gestational weeks that were included in our study.
Moreover, the mean age at follow-up was greater in our study
compared with previous published studies in which neonatal
or 6-month postnatal follow-up was performed; and nearly
one third of our patients had formal neurologic evaluation
and neurodevelopmental testing at 1 year postnatal age.

Our observed regional differences in ADC during gestation
likely reflect differences in brain development because of
many factors, including increasing cellularity, neuronal mat-
uration, and myelination. Indeed, areas that are known to ma-
ture and myelinate earlier, such as the cerebellum, pons, and
thalamus, had lower ADC values. The highest ADC values
were observed in the supratentorial WM. One of the reasons
for the relatively high ADC values is likely the result of inclu-
sion of the subplate zone in our WM ROIs because the ROIs
encompassed all of the cerebral mantle, sparing the germinal
matrix zone and cortex. The subplate zone comprises a large
amount of the developing cerebral mantle during most of the
gestational ages examined in our study, reaching peak between
29 to 32 gestational weeks,17 and has been shown to have high
ADC values.18 It is interesting to note that the subplate zone

persists longer in association areas such as the frontal lobes
(which also undergo late myelination and late sulcation),
where we consistently observed the highest ADC values. It is
important to note, however, that both the subplate zone and
intermediate zone likely contributed to our WM ROIs, and the
relative amount of contribution from each layer likely differed
in different anatomic areas and with differing gestational age.
Moreover, the composition of the subplate zone also changes
in different anatomic areas of the brain with differing gesta-
tional age.19 Future studies with diffusion tensor imaging are
needed to further explore the layers of the developing fetal
brain.

Although fetal DWI is limited by fetal motion, our study
demonstrates the feasibility of performing DWI in a large
group of healthy nonsedated singleton fetuses, including those
at younger gestational ages. This is important because fetal MR
imaging in the United States is usually performed before 24
gestational weeks and is done without any maternal or fetal
sedation. It is most important to stress that the similarity of
our results with those of preterm infants scanned postnatally
demonstrates that fetal DWI can be performed accurately in
many nonsedated fetuses. This has implications both for the
study of fetal brain development and for the study of brain
injury in preterm infants. In most institutions, preterm infants
are scanned at term equivalent age and are compared with
normal-term neonates. Being able to scan preterm infants be-
fore term and compare their ADC values with normative fetal
data may provide earlier, important information about their
brain development. Moreover, these data could then be cor-
related with neurodevelopmental outcome, with the eventual
goal of being able to predict outcome before these neonates
reach term-equivalent age.

Fig 2. ADC vs gestational age for all ROIs.
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Our study was somewhat limited by the effects of fetal mo-
tion and, less so, of maternal motion. Overall, 39% of the scans
that we initially assessed could not be used in our study. We
found that only 42% to 53% of the scans were not affected by
fetal motion or other artifacts at the level of the basal ganglia,
thalamus, periatrial, and frontal WM and, thus, were included
in our study. DWI at the level of the cerebellum and pons was
more limited, usually because of fetal motion or exclusion of
the cerebellum and pons in some of the sequences. Our study
was also limited in that we were only able to perform DWI, and
not diffusion tensor imaging, in our fetuses because of the
longer image acquisition times for diffusion tensor imaging
(and consequent greater fetal motion) and thus could not cal-
culate other important diffusion measures such as anisotropy
and individual eigenvalues. Recent studies have demonstrated
some feasibility in performing fetal diffusion tensor imag-
ing,20,21 though future technical improvements will hopefully
allow faster data acquisition and more practical application of
diffusion tensor imaging to young nonsedated fetuses.

Conclusions
In summary, we measured ADC values in normal, nonsedated
singleton fetuses aged 21 to 33 gestational weeks. The values
themselves, and the evolution of values with increasing gesta-
tional ages, differed for different areas of the brain and were
similar to published data in premature neonates. This has im-
plications for the study of premature neonates as well as de-
velopmental abnormalities that may occur in utero.
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