





into PBS just prior to immunohistochemistry. The immunohistochem-
istry was performed on floating sections. Sections of postmortem
brains were rinsed in PBS before they were blocked in 2% normal
goat serum. After they were stained with hematoxylin, or immunohis-
tochemically labeled with anti-glial fibrillary acidic protein (GFAP)
antibody and neurofilament (NF) antibody, the sections were
mounted onto gelatinized glass slides, dehydrated through increasing
concentrations of ethanol, immersed in 2 changes of Histo-Clear sol-
ution, and coverslipped with DPX mounting medium.

Histology-DTI Correlation

All DTI data were acquired with a 3D sequence and had almost cubic
resolution. For a selected histological image, the 3D DTI data of the
same age were rotated and a corresponding coronal or axial slice of
DTI image was chosen to match the histological section. FA quantifi-
cation of the small segments of cerebral wall corresponding to those
from GFAP and NF histological images was based on a manual selec-
tion of regions of interest (ROIs). We further segmented 3 layers,
namely layer 1, layer 2, and layer 3 from cortical plate to ventricle,
with the contrasts observed from hemotoxylin-stained sections of a
15-wg brain. The segmented regions derived from the hematoxylin-
stained sections were used directly as ROIs to measure the FA values
on the corresponding FA map. This process required registering the 2
images in a manner that allowed for fine-tuning the FA map to match
its corresponding histological image. The registration was conducted
with large deformation diffeomorphic metric mapping (LDDMM,
Miller et al. 2002). The outermost layer (layer 1) segmented from
hematoxylin-stained contrast is the cortical plate. The other 2 layers,
layer 2 and layer 3, of the hematoxylin-stained histological image
matched the subplate and the inner layer observed by the contrast of
the FA maps, respectively. When calculating the FA in each layer
defined by the hematoxylin-stained histological image, we applied a
threshold of 0.1 for layer 1 and layer 3 to remove any residual mis-
matched voxels from the ROI.

FA measurement of the Cerebral Wall

Cortical Mapping of the FA

The FA values on the cortical surface were projected from the cortical
plate, the outermost layer of the cerebral wall. The entire brain was
segmented using the intensity thresholding of the averaged diffusion
weighted images (aDWIs). Triangular meshes were then created by
using Amira software (Mercury) from the isosurface function, which
defined the cortical surface. On each triangular vertex, an FA value
was assigned by reading the FA value of the pixel closest to the inside
of the brain. For the triangular vertex which does not completely in-
tersect the cortical plate, a cubic box with 5 voxels on each side and
centered at the vertex was established and the maximum FA value of
this cubic box ROI was assigned as the FA value of this triangular
vertex.

Manual Delineation of Surface ROIs

To obtain the surface ROIs, surface editing functions in Amira soft-
ware were used to directly delineate these ROIs from the 3D recon-
structed cortical surface. Eleven ROIs were manually placed on the
cortical surface of all fetal brains examined, following previously pub-
lished descriptions (Johnson et al. 2009; Kang et al. 2011). These
ROIs represented the orbital prefrontal cortex (OFC), dorsolateral pre-
frontal cortex (DFC), medial prefrontal cortex (MFC), ventrolateral
prefrontal cortex (VFC), motor cortex (M1C), somatosensory cortex
(S10), posterior inferior parietal cortex (IPC), primary auditory cortex
(A10), posterior superior temporal cortex (STC), inferior temporal
cortex (ITC), and primary visual (occipital) cortex (V1C). The corre-
sponding ROIs from DTI and gene profiling are shown in Figure 1.
These ROIs served as the bridge between the DTI and gene
expression data, underlying the correspondence of datasets from the
2 categories. The manual delineation of the ROIs from the recon-
structed cortical surface using DTI data was performed by trained
neuroanatomists (G.S. and M.P.), who identified, dissected and
defined the ROIs with the same neuroanatomical criteria to that used
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Figure 1. Upper images represent the cortical surface reconstructed from DTl data
and the lower images demonstrate the location of the tissues for transcriptome
analysis. The corresponding 11 cortical ROIs (DFC, VFC, MFC, OFC, M1C, S1C, IPC,
A1C, STC, ITC, and V1C) for both types of data are shown with the same color. In
the upper panel, upper and lower rows demonstrate the lateral and medial views of
the cortical surfaces, respectively. DFC, dorsolateral prefrontal cortex (PFC); VFC,
ventrolateral PFC; MFC, medial PFC; OFC, orbital PFC; M1C, motor cortex; S1C,
somatosensory cortex; IPC, posterior inferior parietal cortex; A1C, primary auditory
cortex; STC, posterior superior temporal cortex; ITC, inferior temporal cortex; V1C,
primary visual (occipital) cortex.

for the dissection of the tissue for gene expression analysis (Johnson
et al. 2009; Kang et al. 2011).

Segmentation of the Cervebral Wall into 3 Layers

The parcellation of the 3 layers in the cerebral wall was conducted
manually using ROIEditor (www.mristudio.org). The manual parcella-
tion of each cerebral layer was conducted 3 times. Dice ratios (Dice
1945) between any 2 segmentations of the same layer were above
95%, indicating good reproducibility.

Regional FA Measurements of Each Cortical Region and Layer

After the surface meshes of each of the 11 cortical surface ROIs were
projected perpendicularly into the 3 layers, 3 volume format binary
masks were generated serving as the volumetric ROI in each of 3 cer-
ebral layers and corresponding to cortical surface ROI. In total, 33 vo-
lumetric ROIs covering all 3 layers were obtained. The mean,
standard deviation, maximum, third quartile, median, first quartile,
and the minimum values of the FA were measured with these volu-
metric format ROIs.

Statistical Comparison of the FA’s Between the Early and Mid-Fetal
period for All Volumetric Format ROIs

To ensure an equal weighting of FA measurements were obtained
from each dataset, the same amount of values were sampled from FA
measurements of each volumetric ROI in one of the 3 layers. FA
measurements for each layer were separated into 2 groups based on
the gestational stage. FA values of 13-15wg formed 1 group and
those of the 17-21 wg formed another group. The FA values of the 2
groups were compared with a Student’s #-test. Bonferroni’s correction
(Bonferroni 1936; Shaffer 1995) was applied to avoid the spurious
positives when rejecting the null hypothesis. Instead of using a
threshold of 0.05 for P values, 0.05/11 or 0.0045 was used to lower
the threshold and account for the number of comparisons being
performed.

Inter-Region Comparison of Time Courses of Cortical Plate FA

The FA values of 11 regions of the cortical plate were plotted with the
gestational age as a variable to reveal a time course of regional corti-
cal FA which showed a significant decrease during fetal development.
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Moreover, the heterogeneity of the regional FA decrease in the corti-
cal plate was tested with a Mann-Whitney statistics. Similar to the stat-
istical model we previously used (Huang et al. 2008), it was defined
as

N
> (Rk(1, k1) + Rk(2,k,1) — 2N — 1), (1)
k=1
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where i, &, and ¢ indicated considered specimen, region, and time
point, respectively and Rk(i,k,t) was the rank of FA(i,k,#) in the se-
quence of 2N numbers FA(1,1,5), FA(2,1,0, , FA(1,N,D, FA(2,N,D),
for fixed time ¢. t was from 1 to 7'(T'=5) and k was from 1 to N (N=
2). In this model, each group had 2 specimens and this has been hard
coded in equation (1). For the 19 wg brains, 2 of 3 specimens were
randomly chosen for analysis. Note that V was always 2 as statistical
comparisons were conducted with 2 groups. We then calculated the
My value of each randomly generated sequence, where MC indicated
Monte Carlo samples. Because, under the null hypothesis, all se-
quences of the ranks have the same probability, a P value for the ob-
served M (calculated from our data with equation [1]) could be
computed as the proportion of Monte Carlo samples that were above
it. More precisely, if there were Nyc Monte Carlo simulations and
Nessm Was the number of simulations in which My, values were less
than the observed M, we computed the P values from M as follows, P
=1—(WViessar + 0.5)/Nyc. For multiple-comparison correction, Bonferro-
ni’s correction (Bonferroni 1936; Shaffer 1995) was also used with a
smaller P value 0.05/11 as a threshold of significant difference.

Correlation of Gene and Microstructural Measures

Quantification of Cortical FA Changes from Early to the Mid-Fetal
Developmental Period

At the cortical locations x which correspond anatomically to those
used for gene expression analysis, FA values at each time point ¢, that
is, 13, 15, 17, 19 and 21 wg, were measured. For each time point, we
obtained usable DTI data from 2 or 3 brains, represented by k(#). FA
(x, k(1),1) then indicated the FA measurement at a cortical area and a
certain time point of a specific fetal brain. The FA ratio of a cortical
area x was defined as the average of FA measurements of all fetal
brains in the early fetal period divided by the average FA measure-
ments of all fetal brains in mid-fetal period:

D im13-15wg 2k FA, R(8), 1)/ 30,15 150g R(2)
D im17-21wg 2k FAQG R(£),8) [ D717 21vg R(2)

ratio(x) =

From this equation, it can be appreciated that the defined FA ratio is a
function of the cortical area x only and reflects the level of the FA
decrease from early to mid-fetal developmental period.

Gene Analysis

The gene analysis was done using data from NCBI Gene Expression
Omnibus under accession number GSE25219 (Kang et al. 2011), with
matched ages. The method for gene analysis was previously de-
scribed (Johnson et al. 2009; Kang et al. 2011).

Identification of Gene Expression Correlated with FA Changes during
Fetal Development

A total of 17565 genes were quantified for each of 11 cortical ROIs
from each specimen used for gene analysis (see Kang et al. 2011 for
details). Then for each gene, a vector consisting of the average
expression levels in the 11 neocortex ROIs was constructed. In parallel,
spatio-temporal FA measurements were obtained. Using the metric of
the FA ratio, the temporal change of FA at each region was simplified
into a scalar value. The FA ratio vector was composed of FA ratios
from all cortical ROIs. Without a priori knowledge, a correlation
coefficient and a nominal P value from the Pearson correlation
between each scalar vector of expression of N (N=17565) genes and
the FA ratio vector were calculated. All nominal P values for 17565
genes were adjusted using a Benjamini-Hochberg false discovery rate
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(FDR) approach. The top 5 and top 10 genes whose scalar vectors of
expression were most significantly correlated to FA ratio vector were
plotted and tabulated,(Fig 9, Table 2) respectively.

Results

Three Layers in the Cerebral Wall Delineated by DTI

As shown in the FA map in Figure 2, 3 layers can be clearly
differentiated in most regions of the cerebral wall, except
those undergoing cortical folding. They are the cortical plate
(with marginal zone), subplate, and an inner later. It is noted
that the inner layer can be further differentiated into multiple
zones, namely the intermediate zone (fetal white matter), the
subventricular cellular zone, the periventricular fiber-rich
zone, and the ventricular zone, with histology (Kostovi¢ et al.
2002). As these zones within the inner layer cannot be deli-
neated with FA map, we have integrated them as 1 for FA
measurements. The term “inner layer” is solely for simplifica-
tion as it is anatomically located at the most inner part of the
cerebral wall, next to the ventricle.

A DTI Database of Developing Fetal Brain and Cortical
Mapping of FA Values

A fetal brain DTI database that delineated the detailed
anatomy of neural structures of fetal gray and white matter
was established using high-resolution and high-contrast
images including a DTI color-encoded map and an FA map,
as shown in Figure 3. The laminated cerebral wall, which is
the focus of this study, is the major structure of the develop-
ing human fetal brains at the ages examined. The 3 layers of
the cerebral wall described above could be differentiated at
each of time points from the FA maps (Fig. 3). The cerebral
wall was traced with yellow curves and the layers inside were
delineated by red curves. Qualitative and general trends of the

Figure 2. Three layers from the pial surface to the ventricle are the cortical plate
(designated layer 1), subplate (designated layer 2), and the inner layer (designated
layer 3), and can be clearly identified with the FA map of a typical second trimester
fetal brain at 17 wg.
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Figure 3. Coronal images of FA (left in each pair) and color-encoded FA map (right in each pair), both derived from DTI, of 13, 15, 17, 19, and 21 wg fetal brains are shown.
Red, blue, and green in color-encoded FA map encodes left-right, superior-inferior, and anterior-posterior orientation, respectively. Red curves in the FA maps separate the 3
layers in the cerebral wall. Yellow curves in the FA maps separate the cerebral wall from others.

microstructural properties of these layers can be observed
from Figure 3. The FA values of the cortical plate were higher
than those of the subplate. It was also observed that, in the
FA map, the cortical plate becomes darker during prenatal de-
velopment, indicating loss of anisotropy in the cortical plate.
Although a significant decrease in FA values in the cortical
plate occurs during the development, there is little change in
the thickness of this layer. The situation is opposite for the
subplate, which is a key and transient structure in the middle
of the cerebral wall during fetal development. The thickness
of the subplate increases significantly during the mid-fetal
period while this layer remains dark in the FA map and has
consistently lower FA values. The FA of the inner layer is
higher than that of subplate.

The FA Decreases during Development in a
Heterogeneous Manner Across the Cortex

Figure 4 shows the characteristic spatio-temporal FA variation
of the cortical plate by mapping this layer for fetal brains of
13, 15, 17, 19, and 21 wg. From 13 to 21 wg, the FA of the
overall cortical plate underwent a significant decrease, with
the highest value of more than 0.5, dropping to around 0.25
to 0.3 in most cortical areas at 21 wg. This decrease in FA also
varied across the cortical plate.

13wg

15wg

These distinct longitudinal changes of regional FA within
the cortical plate were quantitatively measured over time
across the 11 cortical ROIs, shown in Figure 5. FA values
of all regions decreased during the fetal brain development.
There was a general trend from a sharp decrease to a mild
decrease from prefrontal and peri-Sylvian areas to other
parts of the brain surface. Specifically, most of the prefron-
tal areas, including the DFC, VFC, and OFC, have a sharper
FA decrease than all other areas from 15 to 17 wg. Statisti-
cal analysis further demonstrated unique features of the FA
time courses of DFC, VFC, OFC, V1C, and IPC whose time
courses are significantly different from those of at least 3
different areas (Table 1). In addition, the time courses of
FA variation of all other areas except the STC are statisti-
cally different from those of at least one another region
(Table 1).

Regional Microstructural Changes of the 3 Layers in the
Cerebral Wall during Early Fetal and Mid-Fetal
Development

The regional microstructural changes of the 3 layers in the
cerebral wall that could be delineated by MRI were reflected
by comparisons of FA values in the early fetal (13-15 wg) and
those in mid-fetal period (17-21 wg), and are shown in

17 wg
cm cm

Figure 4. FA mapping of the cortical surface of fetal brains at the gestational ages shown. Color bar indicates the FA values in the cortical surface FA maps.
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Figure 5. A distinctive time course of FA decreases across 11 ROls in the cortical plate during the fetal brain development. The FA values averaged across all cortical ROls are
shown as reference curves, with error bars indicating standard deviations. The 2 slightly different measured FA values are marked beside each of the overlapping points.

Table 1
P values from statistical analysis of time courses of FA values among different cortical areas

DFC VFC MFC OFC M1C S1C IPC A1C STC ITC Vic
DFC 0.3716 0.0043 0.0241 0.1684 0.3707 0.0041 0.0841 0.0834 0.1736 0.0041
VFC 0.0041 0.2085 0.0043 0.0042 0.004 0.0036 0.0265 0.0034 0.0035
MFC 0.0035 0.0448 0.372 0.2085 0.497 0.1666 0.3571 0.0452
OFC 0.0847 0.0036 0.0037 0.0035 0.0241 0.0239 0.0037
M1C 0.6438 0.0471 0.1685 0.763 0.3799 0.2085
S1C 0.3696 0.5627 0.3771 0.3766 0.0841
IPC 0.2096 0.2508 0.1748 0.7593
A1C 0.2411 0.1697 0.0452
STC 0.4883 0.1736
ITC 0.2085
Vie

The P values smaller than Bonferroni‘s-correction threshold (0.05/11 = 0.0045) are in bold.

whisker diagrams (Fig. 6). Figure 6 shows that the FA values
of the cortical plate were generally the highest and the FA
values of the subplate were the lowest across all cortical areas
for the stages investigated.

From early fetal to the late mid-fetal period all regions of
cortical plate, except the IPC and the V1C, displayed a statisti-
cally significant decrease in FA. The FA comparison results in
the cortical plate were consistent with the visual observation
of the cortical FA map in Figure 4 and regional FA decrease
plots across the cortical plate in Figure 5. Also shown in
Figure 6, about half of the measured regions displayed signifi-
cant FA changes in the inner layer from early to mid-fetal de-
velopmental period. These changes are coincident with
significant changes that also occur in the subplate FA. The
changes of FA in the inner layer increase significantly in
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IPC and V1C and decrease significantly in VFC, M1C, S1C,
and ITC.

Quantification of FA Based on Histological Images
With coregistered coronal histological image and the FA map
of the 15-wg brain, the ROI (Fig. 7b) of 3 layers identified
from hematoxylin-stained histological image (Fig. 7a) were
applied to FA map (Fig. 7¢). This analysis revealed significant
differences of FA values among these layers (Fig. 7f). The
radial architecture in layer 1 (cortical plate) was clearly visible
with the enlarged histological image of the cortical plate
(Fig. 7d,e).

Inner layer consisted of multiple zones. The FA values in
this layer reflect integrated effects of the microstructures

Huang et al.
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Figure 6. Diagrams of FA measurements of the 11 ROIs from early (left of the box pair) and middle (right of the box pair) fetal period for all 3 layers of the cerebral wall.
Abbreviations: CP cortical plate; SP subplate; IL, inner layer. Statistically significant differences of FA measurements between early and middle fetal period after FDR correction
are marked with asterisks. Blue and red colors indicate the median (50th percentile) to the 75th percentile and the median to the 25th percentile, respectively.

p co-
regis' red to (a)

Layer 1 Layer 2 Layer 3

Figure 7. The highly organized layer 1 or cortical plate in hematoxylin-stained histological section is characterized by the highest FA value among all layers in the cerebral wall.
(a) An image of a hematoxylin-stained histological section of a 15 wg fetal brain. (d) A magnified image of the boxed region of (a.e) shows a further magnified image of the
boxed region in (d). Radial microstructures in the cortical plate are clearly visible in (e), indicated by yellow lines. (b) Segmentation based on contrast of histological image (a),
dividing the cerebral wall into 3 layers. These layers, layer 1, layer 2 and layer 3, match cortical plate, subplate and inner layer differentiated from the FA map. (c) Coregistered FA
map after LDDMM transformation. () FA measurements of these 3 layers. CP in (e) is the abbreviation of cortical plate. Asterisks in (f) indicate P <0.001.

within these zones. GFAP staining in Figure 8a and NF stain- directions are indicated by the yellow lines in this layer
ing in Figure 8e revealed both radial (Fig. 84) and tangential (Fig. 8b, f). The radial microstructures are apparent close to
(Fig. 8e) microstructures, respectively. Microstructures in both the ventricle and are most prominent in the areas that are
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Figure 8. GFAP histological (a,b) image of a 17 wg fetal brain and the corresponding FA maps (c.d) are shown in the upper panel. The close-to-ventricle part of the inner layer
(layer 3) has clear radial fibers in GFAP images (a,b). Neurofilament histology image of 16 wg fetal brain and corresponding FA maps (g,h) are shown in the lower panel.
Tangential fibers can be observed in the close-to-subplate part of inner layer (layer 3). The ROIs for FA measurements in (i) are shown in (o) and (h) as dashed boxes, which are
consistent with those derived from histology contrasts in (b) and (f), respectively. The close-to-ventricle part has more uniformly distributed radial fibers and hence has a higher
FA value than close-to-subplate region where tangential and radial fibers may cross to each other. Yellow lines in (b,f) indicate the orientations of the microstructures. Green lines
in (b) point to the region where GFAP stain color changes and possibly the crossing of tangential and radial fibers takes place. Asterisk in (/) indicates P <0.001.

likely to be ventricular, periventricular, and subventricular
zones (Fig. 8b). The tangential structures in Figure 8f delin-
eate the fetal white matter and appear only in part of the
inner layer, which is likely to be intermediate zone. Darker
GFAP staining at the outer edge of layer 3 is indicated by the
green arrows and may correspond to radial glial end-feet.
Combined with the observation from Figure 8f, showing NF
staining of the tangential axonal fibers, it is possible that
there are perpendicular crossings of radial and tangential
fibers in this part of the layer 3. FA maps of Figure 8c and d
and Figure 8g and b correspond with the histological images
of Figure 8a and b and Figure 8e and f, respectively. Owing to
the crossing of tangential and radial fibers in the layer 3, the
FA values at the ROI (Fig. 8c,d) with predominantly radial
structures are significantly higher (Fig. 87) than those at the
ROI (Fig. 8g,h) with mixed tangential and radial fibers.

Correlation of the Regional Cortical FA Changes with
Gene Expression

The cortical FA ratio is a microstructural metric that character-
izes the magnitude of cortical plate FA change from early fetal
to mid-fetal period. The FA ratio was calculated for each of 11
cortical regions (shown in Fig. 1) and in parallel, the quantifi-
cations of 17565 genes from 11 corresponding cortical
regions from 9 fetal brain specimens ranging in age from 13
to 21 wg (Kang et al., 2011) were also obtained by gene pro-
filing for each cortical region. The same 11 cortical ROIs were
used for gene quantifications and FA ratio calculation ( as
shown in Fig. 1). For each gene, its expression across the 11
cortical regions was characterized by a vector consisting of 11
quantified numbers. From an analysis of 17565 gene quantifi-
cations, 10 genes with the highest correlation with the FA
ratio, nominal P values, and P values after multiple test cor-
rections are listed in Table 2. As a demonstration, Figure 9
shows the vectors of FA ratio and expression of most signifi-
cantly correlated 5 genes across the 11 cortical regions. The
complete cortical FA ratios and expression values of all signifi-
cantly 10 correlated and anti-correlated genes are tabulated in
Supplementary Tables 1 and 2.
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Table 2:

List of names, statistics and some related functions of top 10 correlated genes from correlations
of FA ratio to all 17565 gene expressions. The correlations between all top 10 genes and FA ratio
are statistically significant after FDR correction.

Gene R Nominal p (two-sided) FDR corrected p (two-sided)
SLC17A8 0.962 2.26E-06 0.025
CNTNAP2 0.956 4.19E-06 0.025
ADCY8 0.956 4.25E-06 0.025
POU2F1 0.950 7.54E-06 0.028
DERA 0.949 8.20E-06 0.028
STAG1 0.946 1.11E-05 0.028
DCHS2 0.936 2.24E-05 0.034
C70rf36 0.935 2.44E-05 0.034
ENY2 0.934 2.52E-05 0.034
ITGA9 0.930 3.26E-05 0.038
Discussion

We used DTI as a noninvasive probe to obtain a quantitative
spatio-temporal characterization of the entire human fetal cer-
ebral wall. In addition, as complementary investigation ap-
proaches, both gene analysis and images of histological
sections were incorporated for a comprehensive analysis of
the cerebral wall. Specifically, the regional microstructural
measures from DTI were linked to the gene expression across
the cortex. The distinct patterns of FA time courses across
different cortical regions reflect the unique maturation pat-
terns. This analysis revealed both the changes of regional FA
values of all cerebral wall layers and microstructural differ-
ences within these layers. Genes that have a significant corre-
lation with the regional cortical microstructural changes
observed during the fetal brain development were identified
in our study.

The immature cortical plate of the cerebral wall is the foun-
dation for the future cerebral cortex and features a columnar
organization due to the presence of radial glia (Rakic 1972,
1995; Sidman and Rakic 1973). The immature cortical plate
also undergoes maturation into regions that are both cytoarch-
itectonically (Economo and Koskinas 1925) and functionally
unique. The direct mapping of the cortical plate FA in
Figure 4 and the time course of regional FA decrease in
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Figure 9. Regional profiles of expression of 5 most significantly correlated genes
and anisotropy changes (FA ratio).

Figure 5 reflect a disruption of this initial columnar organiz-
ation, ongoing differentiation, dendritic growth, and the
synapse formation (Mrzljak et al. 1988, 1992) in the immature
cortex. A decrease in cortical FA has been reported in the
third trimester with DTI data from in vivo scanning of human
preterm neonates (26-41 wg in McKinstry et al. 2002; 25-38
wg in delpolyi et al. 2005) and developmental animal diffu-
sion imaging (Mori et al. 2001; Kroenke et al. 2007;
Sizonenko et al. 2007; Huang et al. 2008; Takahashi et al.
2011). DTI of postmortem fetal brains fills a gap in our
knowledge of the development of younger human fetal brains
and is consistent with the overall trend of cortical FA decrease
described in previous developmental human brain studies
(McKinstry et al. 2002; delpolyi et al. 2005). In addition, from
an observation of cortical FA map (Fig. 4), quantitative charac-
terization (Fig. 5), and statistical analysis (Table 1), it is clear
that the time courses of FA drop in different brain regions are
distinct and thus can provide evidence for early cortical pat-
terning and regional differences in cortical maturation. Vari-
able time courses have been characterized with histology
(Sidman and Rakic 1982), diffusion MRI (Kroenke et al. 2007;
Huang et al. 2008; Kroenke et al. 2009), and conventional
T2-weighted MRI (Knutsen et al. 2012) in different regions of
the developing human, primate, and rat brains. Our data de-
monstrate unique FA decreases in the fetal period of human
brain development in this study, and suggest that these dis-
tinct microstructural changes in different cortical areas may be
evolutionarily conserved across different mammalian species.
In the inner layer, which is the layer between the ventricle
and subplate, multiple zones can be delineated by histological
examination of cresyl violet staining (Kostovi¢ et al. 2002) that
cannot be distinguished clearly with the contrasts of the FA
map given the limitation of resolution. GFAP and NF staining
(Fig. 8) revealed that both radial and tangential microstruc-
tures in the inner layer could be observed, with pure radial
structures close to ventricular boundary and possibly mixed
radial and tangential structures close to the subplate. The
radial microstructure in Figure 8a and b further confirmed the
presence of the radial glial scaffold (Rakic 1972, 1988, 1995;
Sidman and Rakic 1973), which stretches from the ventricular
surface and crosses the fetal white matter to reach the sub-
plate. The tangential microstructures in Figure 8e and f, which
are fetal white matter axons, cover the outer region of layer 3
and are immediately surrounded by the subplate. Figure 8
indicates that the FA values in the intermediate zone of layer 3

are the results of the integrated diffusion signals from both
radial and tangential microstructures in this layer. The FA
values of layer 3 were found to be quite stable across the
brain, with the median values around 0.25-0.3 for all 11 ROIs
(Fig. 6). The general FA values in this layer are less than those
of the cortical plate, but higher than those of the subplate.
This pattern resembles the conventional T1-weighted MRI
findings in terms of intensities (Kostovi¢ et al. 2002). The in-
terference of radial and parallel structures (Fig. 7) may con-
tribute to the lower FA values in layer 3 compared with those
of the cortical plate where more uniform radial structures
were found. This relative spatio-temporal stability of FA
values in layer 3 present across different regions (Fig. 6) is in
contrast to the distinction of FA decreases in these same
regions of the cortical plate. Despite that there are several
regions where significant FA changes can be found during
studied periods FA values in the IPC and V1C were signifi-
cantly higher while those in the VFC, M1C, S1C, and ITC were
significantly lower (Fig. 6). Layer 3 is composed mostly of
nonmyelinated fibers and includes the highly cellular ventri-
cular and subventricular zones. The FA changes from early
fetal to late mid-fetal period in these regions are likely to be
affected by multiple factors including the crossing of radial
and tangential fibers, axonal growth in the intermediate zone,
and dendrite growth in other layers. Axonal growth has the
effect of increasing the FA value while crossing of radial and
tangential fibers and dendrite growth have the effect of de-
creasing FA value. The mixed effects from these factors cause
an inconsistency in FA changes in these regions.

FA values in the subplate were lowest as the subplate
during fetal development contains a high amount of cellular
matrix and water (Kostovi¢ et al. 2002). They were also con-
sistently low across the brain, around 0.1-0.15 for most
regions (Fig. 6). Interestingly, the significant decreases in FA
in the subplate in the VFC, M1C, S1C, IPC, ITC, and V1C areas
are accompanied by significant changes of FA in layer 3,
suggesting cellular and molecular interactions between layers
2 and 3 as cells divide and migrate from layer 3 to the upper
layers of the cortex.

Previously, information from gene expression and anatom-
ical structure have been combined to investigate the degree of
genetic control over inter-subject variability in the cerebral
white matter in the adult human brain (Kochunov, Glahn and
Fox et al. 2010), white matter architecture in diseased human
brain (Marenco et al. 2007), gray matter structure (Winkler
et al. 2010), and the gyrification of the primate brains (Kochu-
nov, Glahn and Lancaster et al. 2010). Generated from 2
different types of tools, the cortical maps of gene profiling
and those of the microstructural measurements from DTI
were integrated across the identical regions of interest in our
study. The integration of the 2 types of datasets in our study
enabled us to identify the genes whose heterogeneous
expression in different cortical regions may contribute to the
heterogeneous FA changes in the same regions. This corre-
lation suggests that unique combinations of different levels of
cellular and molecular processes in different cortical and sub-
plate regions underlie the distinctive FA changes measured in
these regions. Among the genes with the highest correlation
coefficients, several have been implicated in neural develop-
ment and shown to be associated with neurological and psy-
chiatric disorders (Table 2 and Suppl. Table 1). CNTNAP2 is a
gene important for development of neural circuits. Previous
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studies showed the involvement of this gene in etiopathogen-
esis of autism spectrum disorder, epilepsy, neuronal
migration abnormality (Alarcon et al. 2008; Arking et al. 2008;
Bakkaloglu et al. 2008; Penagarikano et al. 2011), schizo-
phrenia and bipolar disorder (O’Dushlaine et al. 2011), Tour-
ette syndrome (Verkerk et al. 2003), and intellectual disability
(Whitehouse et al. 2011). ADCYS8, a gene encoding the brain-
specific adenylate cyclase, has been previously associated
with the bipolar disorder (Zandi et al. 2008; Zhang et al.
2010), while DCHS2, a gene encoding adhesion molecule,
was identified as a possible risk factor for Alzheimer’s disease
(Kamboh et al. 2011).

We speculate that regional differences of FA ratios are the
outcome of the biological processes that are modulated by
heterogeneous regional gene expression. Our findings
suggest that the magnitude of FA changes can potentially
serve as a biomarker to evaluate cellular activity levels of
synapse formation and cell differentiation during the develop-
ment of specific brain areas. Our investigation of the relation-
ship of gene and microstructure is exploratory and could
potentially benefit from further investigations on the relation-
ship between gene and function and that between microstruc-
ture and function. With the advent of ever more sophisticated
DTI technology, in utero DTI (e.g. Kasprian et al. 2008) and
high-quality DTI data of in vivo preterm neonates (e.g.
McKinstry et al. 2002; Maas et al. 2004; delpolyi et al. 2005)
are becoming more available. These advances of DTI technol-
ogies suggest the possibility of obtaining sophisticated struc-
tural information from in vivo fetal brains noninvasively.
Establishing a correlation between DTI and gene profiling
opens a refreshing window for potentially accessing the cellu-
lar activity levels with structural measurements from noninva-
sive DTI and ultimately assisting clinical prognosis of human
brain disorders such as schizophrenia and autism, which are
both related to abnormal brain development.

Previous studies on comparing the FA of postmortem brain
tissues with that of iz vivo brain found that formalin fixation
alters diffusivity magnitude but not anisotropy (Sun et al.
2003, 2005). This makes it possible to use the DTI data of
postmortem fetal brain tissue for FA measurements and analy-
sis of FA time courses. However, the fixation of the studied
tissues also made measurement of other DTI-derived metrics,
for example, mean diffusivity, less appealing. Therefore, FA
was the only metric from DTI used in this study. In this study,
each of fixed postmortem fetal brain tissues was scanned with
an 11.7-T or a 4.7-T magnet for around 20 h. Previously,
Gupta et al. (2005) have reported interesting findings on corti-
cal FA from measurements of unfixed postmortem tissue with
1.5-T magnet and much shorter scan time. The lower magnet
strength combined with much shorter scanner time could
cause lower SNR for the DTI. In addition, the scans in that
study (Gupta et al. 2005) were performed on unfixed brains
although the time interval between MRI scan and delivery was
reported to be less than 3 h. Human fetal brain tissue is very
fragile. Without fixation, the architecture of the fetal brain
tissue is quickly disrupted. These factors could cause potential
bias of cortical FA measurements and partly explain the differ-
ences of their results from those of the present analysis.

The ROIs of FA measurements in this study were restricted
by the dissection ROIs used for gene analysis (Johnson et al.
2009; Kang et al. 2011) and correlation between gene and
microstructure (FA ratio), although arbitrary ROIs of FA
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measurements could be chosen given our whole brain FA
map. Lack of cortical sulcal landmarks in the studied fetal
brains compared with older fetal brains also limited our selec-
tion of cortical ROIs for FA measurements. As FA measure-
ments were from postmortem brain tissues, no longitudinal
data were available from individual subjects. Hence, temporal
FA changes, namely, the FA ratios, include some subject varia-
bility. It should also be noted that the correlative results from
this study do not prove cause or effect. Instead, with this cor-
relation analysis, we have identified 10 candidate genes
whose expression may help explain the variability in rates of
microstructural development (FA ratio) for the 11 cortical
areas examined.

In conclusion, the spatio-temporal microstructural changes
of the cerebral wall during human fetal development were
quantitatively characterized with high-resolution DTI data of
postmortem brain tissue from 13 to 21 gestational weeks
which covers an important period of the fetal brain develop-
ment. Gene analysis and histology were also integrated to elu-
cidate the relationship between the microstructural changes
and gene expression. Distinct time courses of microstructural
changes were revealed for 11 anatomically distinguished cor-
tical regions. High FA values correspond to organized radial
architecture in histological image. The correlation between
DTI measurements and gene analysis suggests that regional
variability of the FA ratio may be associated with differential
cellular activities of radial glial cell differentiation, neuronal
migration, dendritic and axonal growth, synapse formation,
and cell adhesion. Establishing the correlation between DTI
and gene expression profiling opens a refreshing window for
potentially accessing the cellular activity levels with micro-
structural measurements from noninvasive DTI.

Supplementary Material

Supplementary material can be found at: http:/www.cercor.
oxfordjournals.org/.
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Supplementary Table 1: Differential FA ratios and gene expression values of the significantly positively
correlated 12 genes at eleven regions of human fetal brain (FDR corrected p<0.05). Both FA ratios and gene
expression values are from the same fetal period (13-21wg) of brain development. The correlation coefficient

values of each gene expression to the FA ratio, R values, are listed in the most right column.

FA
ratio/Gene

FA ratio 1.431 1.478 | 1.2448 1572 | 1.1944 | 1.1696 | 1.0449 | 1.1581 1.167 1.234 | 1.057

DFC VFC MFC OFC MicC Si1cC IPC Al1C STC ITC VicC R

SLC17A8 5217 | 5.287 | 4.893 | 5.357 | 4.465 4.35 4.156 | 4.432 | 4.507 4.819 | 4.025 | 0.961953

CNTNAP2 | 9.793 | 9.423 9.08 | 10.32 | 8.638 8.382 8.128 | 8.765 | 8.296 8.776 | 7.809 | 0.956308

ADCYS8 6.225 | 6.224 | 5.783 | 6.521 5.59 5.513 5282 | 5571 | 5.491 5.554 | 4.814 | 0.956148
POU2F1 8.949 | 9.009 | 8701 | 9.076 | 8.699 8.586 8.538 | 8.704 | 8.704 8.866 | 8.618 | 0.95011
DERA 6.305 | 6.637 | 6.106 | 6.718 5.94 5.75 5506 | 5.643 | 5.457 5.696 | 5.236 | 0.94915
STAG1 7954 | 7921 | 7.882 | 8.031 | 7.728 7.681 7.669 | 7.759 | 7.692 7.789 | 7.664 | 0.94558
DCHS2 4871 | 4952 | 4.841 | 5.094 | 4531 4.484 4415 | 4581 | 4.568 4.804 4.35 | 0.936125
C70rf36 10.386 | 10.463 | 10.322 | 10.433 | 10.118 10.1 | 10.043 | 10.132 | 10.036 | 10.217 | 9.963 | 0.934902
ENY2 9.813 | 9.817 9.75 | 9.849 9.69 9.723 9.658 | 9.767 | 9.714 9.755 9.67 | 0.934423
ITGA9 7486 | 7.221 | 7.053 | 7.453 | 6.701 6.577 6.451 6.67 | 6.643 6.93 | 6.662 | 0.930455
LAMC2 4516 | 4511 | 4.377 | 4.613 | 4.397 4.377 4341 | 4.313 | 4.336 4.484 | 4.306 | 0.927709

POU3F4 6.077 | 6.138 | 5926 | 6.449 | 5.824 5.631 5723 | 5.859 5.89 5852 | 5.711 | 0.92562




Supplementary Table 2: Differential FA ratios and gene expression values of the significantly negatively

correlated 8 genes at eleven regions of human fetal brain (FDR corrected p<0.05). Both FA ratios and gene

expression values are from the same fetal period (13-21wg) of brain development. The correlation coefficient

values of each gene expression to the FA ratio, R values, are listed in the most right column.

FA ratio/Gene DFC VFC MFC OFC M1C S1C IPC AlC STC ITC V1C R
FA ratio 1431 | 1.478 | 1.2448 | 1.572 | 1.1944 | 1.1696 | 1.0449 | 1.1581 | 1.167 1.234 1.057
PPFIBP1 6.166 6.4 | 6.475 6.03 | 6.803 7.03 | 7.285| 7.105| 7.084 6.88 7.393 | -0.94546
STX17 6.593 6.7 | 6833 | 6585 | 6841 | 6.863 | 7.064 | 6.882 | 6.805 6.84 6.998 | -0.93891
PTDSS1 10.686 | 10.693 | 10.76 | 10.538 | 10.829 | 10.853 | 10.884 | 10.772 | 10.784 | 10.773 10.932 | -0.9382
F11R 5.801 5.77 | 5.989 | 5.604 6.05| 6.177 | 6.207 | 6.247 | 6.363 | 6.041 6.287 | -0.93507
DENNDI1A 7.815 | 7.804 802 | 7815| 8.009 | 8041 | 8.138 | 8161 | 8.093 | 7.925 8.172 | -0.93251
RARG 4778 | 4712 | 4843 | 4751 | 4.874 | 4.963 5.06 | 4.906 | 4.932 | 4.901 5.078 | -0.92923
RNF182 10.349 | 10.191 | 10.465 | 9.987 | 10.55 | 10.601 | 10.819 | 10.877 | 10.828 | 10.464 10.72 | -0.92354




