
PAEDIATRIC NEURORADIOLOGY

Regional apparent diffusion coefficient values in 3rd trimester
fetal brain

Chen Hoffmann & Boaz Weisz & Shlomo Lipitz &

Gal Yaniv & Eldad Katorza & Dafi Bergman & Anat Biegon

Received: 25 August 2013 /Accepted: 30 March 2014 /Published online: 20 April 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract
Introduction Apparent diffusion coefficient (ADC) values in the
developing fetus can be used in the diagnosis and prognosis of
prenatal brain pathologies. To this end, we measured regional
ADC in a relatively large cohort of normal fetal brains in utero.
Methods Diffusion-weighted imaging (DWI) was performed
in 48 non-sedated 3rd trimester fetuses with normal structural
MR imaging results. ADC was measured in white matter
(frontal, parietal, temporal, and occipital lobes), basal ganglia,
thalamus, pons, and cerebellum. Regional ADC values were
compared by one-way ANOVAwith gestational age as covar-
iate. Regression analysis was used to examine gestational age-
related changes in regional ADC. Four other cases of CMV
infection were also examined.
Results Median gestational age was 32 weeks (range, 26–
33 weeks). There was a highly significant effect of region on
ADC, whereby ADC values were highest in white matter,
with significantly lower values in basal ganglia and cerebel-
lum and the lowest values in thalamus and pons. ADC

did not significantly change with gestational age in any of the
regions tested. In the four cases with fetal CMV infection,
ADC value was associated with a global decrease.
Conclusion ADC values in normal fetal brain are relatively
stable during the third trimester, show consistent regional
variation, and can make an important contribution to the early
diagnosis and possibly prognosis of fetal brain pathologies.
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Introduction

Diffusion-weighted imaging (DWI) is gaining ground in devel-
opmental studies of the human brain in vivo, specifically with
regard to myelination [1]. Maturational changes in diffusion
indices in healthy fetuses are thought to be related to the devel-
opment of themyelin sheath [2–7], which proceeds fromprimary
cortices to secondary cortices and to associative cortices. These
processes have been intensely studied in postmortem tissue [8].
There is a growing need for a comprehensive in vivo database of
apparent diffusion coefficient (ADC) values in different brain
regions of the developing fetus, which can be used in the
diagnosis and prognosis of prenatal brain pathologies.

In the present study, we measured ADC in several brain
regions of a relatively large cohort (N=48) of non-sedated
healthy fetuses and compared them to four cases of congenital
CMV infection scanned at similar gestational ages.

Subjects and methods

This is a prospective cohort study performed to establish
normal values of the ADC of normal fetuses in relation to
gestational age (GA).
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Table 1 Subject population demographics: gestational age and grounds for referral

Serial no. GA (weeks) Reason for referral MRI findings

1 28 Follow-up scan Normal MRI

2 32 Follow-up scan Normal MRI

3 31 Pituitary agenesis in previous pregnancy (US normal) Normal pituitary gland, normal MRI

4 32 Pituitary agenesis in previous pregnancy (US normal) Normal pituitary gland, normal MRI

5 32 Pituitary agenesis in previous pregnancy (US normal) Normal pituitary gland, normal MRI

6 28 Previous pregnancy terminated due to brain malformations (US normal) Normal MRI

7 30 Previous pregnancy twins with germinal matrix bleeding (US normal) Normal MRI

8 32 Previous pregnancy terminated due to malformations (US normal) Normal MRI

9 33 Coloboma in previous pregnancy (US normal) Normal MRI

10 33 Two previous pregnancies with brain malformations (US normal) Normal MRI

11 28 Sibling with schizencephaly (US normal) Normal MRI

12 29 Sibling with hemangiomatosis (US normal) Normal MRI

13 29 Sibling with CP (US normal) Normal MRI

14 30 Sibling with tuberous sclerosis (US normal) Normal MRI

15 31 Sibling with melanosis (US normal) Normal MRI

16 31 Sibling with neurological deficit (US normal) Normal MRI

17 32 Sibling with holoprosencephaly (US normal) Normal MRI

18 32 Sibling with neurological deficits (US normal) Normal MRI

19 32 Sibling with white matter disease (US normal) Normal MRI

20 32 Sibling with neurological retardation (US normal) Normal MRI

21 32 Sibling with brain malformations (US normal) Normal MRI

22 33 Sibling with AVM (US normal) Normal MRI

23 33 Sibling with brain malformation (US normal) Normal MRI

24 33 Sibling with white matter disease (US normal) Normal MRI

25 37 Sibling with holoprosencephaly (US normal) Normal MRI

26 33 Brain malformation in the family (US normal) Normal MRI

27 32 Father with holoprosencephaly (US normal) Normal MRI

28 30 Suspected small vermis Normal vermis, normal MRI

29 32 Suspected vermis/choroid plexus cyst? Normal vermis, normal MRI

30 32 Suspected small vermis? Choroid plexus cyst? Normal vermis, normal MRI

31 33 Suspected vermian agenesis Normal vermis, normal MRI

32 32 Suspected vermian agenesis Normal vermis, normal MRI

33 33 Suspected cystic structure in the posterior fossa Normal MRI

34 26 Enlarged posterior fossa Normal posterior fossa, normal MRI

35 32 Suspected cystic structure in the posterior fossa Normal posterior fossa, normal MRI

36 30 Enlarged posterior fossa Normal posterior fossa, normal MRI

37 29 Difficult in visualization of corpus callosum Normal corpus callosum, normal MRI

38 29 Difficult in visualization of corpus callosum Normal corpus callosum, normal MRI

39 32 Difficult in visualization of corpus callosum Normal corpus callosum, normal MRI

40 28 Narrow cavum septum pellucidum on US Normal ventricular system, normal MRI

41 31 Suspected abnormal cavum septum pellucidum Normal ventricular system, normal MRI

42 32 Suspected abnormal cavum septum pellucidum Normal ventricular system, normal MRI

43 33 Wide cavum septum pellucidum Normal ventricular system, normal MRI

44 30 Situs inversus? Normal MRI

45 31 Unclear sulcation on third trimester US Normal sulcation, normal MRI

46 27 US not diagnostic (technical) Normal MRI

47 32 Abdominal cyst Normal MRI

48 31 VSD Normal MRI

49 32 CMV infection abnormal MRI Abnormal high T2 signal, temporal lobes
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Subjects Forty-eight normal fetuses, scanned in our diagnos-
tic imaging department in the years 2006–2012, gestational
age (GA) from 26–33 weeks (mean GA 30 weeks, median
32 weeks) were included in the study. The indications for the
MR scan were (1) normal ultrasound (US), but an abnormal
outcome in previous pregnancies in siblings (n=27); and (2)
inconclusive findings in fetal neurosonography which were
excluded by the MRI (N=21) and by subsequent US scans
(Table 1). Fetuses were considered normal if they had normal
prenatal ultrasonographic results (group 1) or suspected sono-
graphic findings, with subsequent normal fetal MR and US
imaging results (group 2). Maternal disease and pregnancy
complications as well as poor overall scan quality/motion
artifacts were used as exclusion criteria. In eight cases, not
all the regional values were obtained due to technical
difficulties.

MRI According to our MRI protocol, the mothers refrained
from eating or drinking fluids with sugar 4 h before the MRI
examination, which was performed without sedation. Scans
were obtained using a 1.5 T MR system (GE Medial System,
Milwaukee, WI). A single-shot fast spin echo (SSFSE) T2-
weighted sequences in three orthogonal planes was employed
with slice thickness of 3–4 mm, no gap, using a flexible coil
(eight channels cardiac coil). The field of view was deter-
mined by the size of the fetal head and was 24 cm for smaller
fetuses, up to 30 cm for the bigger fetuses. Other parameters
were a matrix of 320/224, echo time (TE) of 90 ms, and
repetition time (TR) of 1,298 ms. A FSPGR T1 sequence
was performed only in the axial plane with a larger field of
view of 40 cm, 4-mm slice thickness and .0.5-mm gap, and
TR 160 and TE 2.3. Then, a DWI sequence in one to three
orthogonal planes (axial coronal and sagittal planes) was
performed with a 40-cm field of view, b value of 0 and
1,000 or 700 msec, slice thickness of 4 mm with no gap,
and scan time of 56 s. The apparent diffusion coefficient
(ADC) was calculated in each region of interest (ROI), using
the functool software of the AD-HD work station (GE Medial
System, Milwaukee, WI). A circular ROI was used, placed
over the desired anatomical area.

ADCmeasurements Fifteen circular regions of interest (ROIs)
ranging in size from 62 to 104 mm2 (mean 83.22; SD 5.1)
were placed as follows: two on each lobe (two frontal, two

parietal, two temporal, two occipital), two on the basal gan-
glia, two on the thalami, and two on the cerebellar hemi-
spheres. A single ROI was placed over the pons. Bilateral
ROIs were averaged, resulting in eight values/fetus, which
were averaged for each gestational age.

ADC measurements were also obtained in a subgroup of
the CMV-infected fetuses previously described [9]. Four
CMV-infected fetuses (GA range 30–33 weeks) were com-
pared to a subgroup (N=35) of the healthy fetuses in the same
age range (i.e., fetuses <26 weeks old were not included in this
analysis) using two-way analysis of variance (diagnosis×re-
gion). Two fetuses had a normal MR scan, one had an abnor-
mal high signal in the white matter of the temporal lobes, in
the anterior aspect of the lobes, and another fetus presented
withmultiple cystic periventricular lesions in the temporal and
frontal lobes. The signal of the white matter of the temporal
lobes was increased. There were no calcifications or other
findings in these brains on US.

Results

The characteristics of the individual subjects are summarized
in Table 1. Fetuses included in this study were in the third
trimester, and the distribution across GA is shown in Fig. 1.
ROI placement is illustrated in Fig. 2. As shown in Fig. 3,
changes in ADC were rather small over this relatively narrow
gestational age range, and although a trend towards a decrease
in ADC with increasing GAwas observed in most regions, it

Table 1 (continued)

Serial no. GA (weeks) Reason for referral MRI findings

50 32 CMV infection normal MRI Normal MRI

51 33 CMV infection normal MRI Normal MRI

52 30 CMV infection abnormal MRI Abnormal high T2 signal, temporal lobes
Periventricular cysts

Fig. 1 Histogram of age distribution of normal fetuses included in the
study
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was not statistically significant in any region. The only excep-
tion was the frontal lobe, which exhibited a trend towards an
increase, rather than decrease, in ADC with increasing GA,
but this trend also failed to reach statistical significance.

In view of this finding, mean ADC/region was calculated
and subjected to statistical analysis by one-way ANOVA
(Fig. 4). ADC values were highest in the white matter, with
significantly (p<0.05) lower values in basal ganglia and cer-
ebellum and the lowest values in thalamus and pons.

Fetuses with confirmed CMV infection had significantly
decreased ADC throughout the brain (Fig. 5), as revealed by

two-way ANOVA. We found highly significant effects of
diagnosis (F=10, p<0.003) and region (F=19, p<0.0001)
but no significant interaction term. The decreases ranged from
20 % in the parietal white matter to 10 % in the cerebellum.

Finally, we have reanalyzed our data omitting the two
normal cases that had siblings with white matter disease (cases
#19 and 24, Table 1), since they may be at increased risk, but
the MRI sequences used in our study are not diagnostic of
white matter disease in fetuses. The removal of these cases
(one with GA of 32 weeks and one with GA of 33 weeks,
Table 1) had a negligible effect (less than 1 % change) on the

Fig. 2 Examples of ROI placement on diffusion-weighted images: 1, 2 frontal lobes; 3, 4 parietal lobes; 5, 6 basal ganglia; 7, 8 thalami; 9, 10 temporal
lobes; 11, 12 occipital lobes; 13 brain stem; 14, 15 cerebellum

Fig. 3 ADC and gestational age in various brain regions
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mean ADC values across regions and GA and did not affect
the statistical significance (or lack thereof) of the region and
GA dependence of ADC or the comparison between normal
and CMV-infected fetuses.

Discussion

The results of this study, utilizing the largest cohort of 3rd
trimester fetuses relative to the published literature, demonstrate
that brain ADC is regionally variable but relatively stable
between gestational weeks 26 and 33. Regional variation was
demonstrated by higher values in thewhitematter relative to the
basal ganglia, cerebellum, thalamus, and pons. This regional
profile is similar to the one reported in other studies of fetal,
premature, and postnatal brains and follows the expected rank

order based on the rate of maturation and myelination of these
regions and also related to the cellularity of the region, as
documented by other techniques such as US and T2- and T1-
weighted sequences, diffusion tensor imaging (DTI) fMRI, and
spectroscopy [10, 11]. Previous publications report decreases in
ADC in the majority of brain regions [1] (with the exception of
the frontal lobe) during fetal and postnatal brain development,
while others [12] report significant GA-related decreases only in
cerebellum, pons, and thalamuswith no changes in other regions,
over the age range of 19–37 weeks. Our results show a weak
trend for regional ADC decline in all regions which does not
reach statistical significance. This apparent disagreement most
likely reflects the relatively narrow gestational age range in our
study relative to some previous publications and is related to the
fact that the whitematter tracts are formed earlier, even before the
23rd week of gestation [13]. Thus, inspection of the data pre-
sented by Schneider et al. [2, 14] reveals that the apparent
decrease in ADC with gestational age is driven by the subgroup
of fetuses scanned during the 2nd trimester (21–25 weeks GA),
which are not represented in our sample. This observation raises
the interesting possibility that regional myelination and other
processes which reduce ADC are not a linear function of GA,
but rather occur in “waves” with some developmental periods
showing higher rates of ADC change than others. This interpre-
tation is supported by data from histology and other methods for
evaluation of brain maturation and myelination [15–17]. Petra
et al. [18] shared the ADC values of term infants; the highest
value was found in the anterior white matter. They also found
that decrease in the ADC value allows detection of changes in
response to brain injury. It is well-established that reduction in
ADC values of various brain areas occurs following different

Fig. 4 Mean regional ADC in normal 3rd trimester fetuses. Bars repre-
sent means±SEM of 40–48 cases/region. BG basal ganglia, Cb cerebel-
lum, FWM frontal white matter, OccWM occipital white matter, ParWM
parietal white matter, TempWM temporal white matter, Thal thalamus.
*p<0.05 relative to all white matter regions, ANOVA followed by
Fisher’s PLSD post hoc analysis

Fig. 5 Effect of CMVinfection on regional ADC in utero.Bars represent
means±SEM of 35 normal fetuses and 4 confirmed CMV cases matched
for gestational age. ANOVA revealed highly significant effects of

diagnosis (F=10, p<0.003) and region (F=19, p<0.0001) but no signif-
icant interaction term
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neuropathologies such as ischemia [19, 20] and malignancies
[21, 22]. Our small subgroup of CMV-infected fetuses also
presented with lowering of the ADC value, and the significance
of this observation is still to be investigated.

In general, the absolute values of ADC we report are close to
those reported by others for fetal brain, suggesting that ADC
measurements are relatively platform-independent. The coeffi-
cient of variance within 3rd trimester fetal brain regions did not
exceed 15 %, which is conducive to using these data as a
normative data base. Viola et al. [23] compared the ADC value
of premature infantswith fetuseswithmean age of 37weeksGA.
They found differences between the two groups, indicating that
MR data from the premature brain are not appropriate for the
assessment of the fetal brain maturation.

We also report the first evaluation of ADC in CMV-infected
fetuses in utero. Our finding of reduced ADCmost likely reflects
microgliosis which is the hallmark of neuroinflammation of all
causes [24]. Van der Voorn et al. [25] reported the ADC value
and the fractional anisotropy (FA) in the infected pediatric brain.
In their study, the ADC value was higher than the normal value,
probably due to damage to the tissue.

The data presented here add to the previously published data
on ADC values at various gestational ages, but represent the
largest study of normal third trimester fetuses. Future research
utilizing DWI in fetal neuroimaging should emphasize the early
and accurate detection of perinatal brain abnormalities.

Limitations of the current study The normal fetuses included
in the current study were considered healthy at the time of
scanning based on several criteria including normal course of
pregnancy, healthy mother, and no overt findings on T1-, T2-,
and diffusion-weighted MRI. While these inclusion criteria
are similar to those used in the majority of studies on normal
fetal development of ADC (e.g., [12, 23]), they do not exclude
conditions for which these criteria are not diagnostic (e.g.,
fetal white matter disease, incipient autism spectrum disorder).
Subtle motion artifacts and occult diseases cannot be excluded
in this study, so the adoption of the values from the “normal”
group as normative should be done with caution, and more
studies need to be done with more extended postnatal follow-
up to firm up a normative data base.

Conclusion Brain ADC is regionally variable but relatively
stable between gestational weeks 26 and 33. Regional varia-
tion is demonstrated by higher values in the white matter
relative to the basal ganglia, cerebellum, thalamus, and pons.
Establishing the normal values of ADC enables us to evaluate
and investigate cases with suspected pathology in the future.
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