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ORIGINAL RESEARCH ARTICLE
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Abstract

Introduction: This study aimed to assess the visibility of the indusium griseum (IG) in
magnetic resonance (MR) scans of the human fetal brain and to evaluate its reliability
as an imaging biomarker of the normality of brain midline development.

Material and methods: The retrospective observational study encompassed T2-w 3T
MR images from 90 post-mortem fetal brains and immunohistochemical sections from
41 fetal brains (16-40 gestational weeks) without cerebral pathology. Three raters in-
dependently inspected and evaluated the visibility of IG in post-mortem and in vivo
MR scans. Weighted kappa statistics and regression analysis were used to determine
inter- and intra-rater agreement and the type and strength of the association of I1G
visibility with gestational age.

Results: The visibility of the IG was the highest between the 25 and 30 gestational
week period, with a very good inter-rater variability (kappa 0.623-0.709) and excel-

lent intra-rater variability (kappa 0.81-0.93). The immunochemical analysis of the

Abbreviations: CC, corpus callosum; GW, gestational weeks; |G, indusium griseum; MRI, magnetic resonance imaging; pm, post-mortem.
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the mid-fetal period.

ness measurements.

KEYWORDS

1 | INTRODUCTION

The indusium griseum (IG) is a paired cortical area situated para-
medially on the trunk of corpus callosum (CC), confined with me-
dial and lateral longitudinal Lancisi's stria, that continues anteriorly
into the paraterminal gyrus, laterally into the cingulate cortex, and
posteriorly into hippocampi in both hemispheres.! While the histo-
architectonics, neurochemistry, projections organization, and devel-
opmental features of the IG in humans have been studied in several
studies,?® the animals' (mainly rodents) IG has been researched
extensively.* 20 Although earliest descriptive studies claimed that

1,12 some studies of rodents' |G state that it

5-13

human IG is rudimenta
is simply a supra-commissural continuation of the dentate gyrus,
the recent studies in humans® and rodents,'* as well as studies of
patients who have Alzheimer's disease, suggest the contrary.15 They
demonstrated that the development and maturation of human IG
continue until the postnatal period,® that differentiate into a dis-
tinct cortical subfield, and during the lifespan ages, and degenerate
without significant reduction of its volume and pathological features
specific to dentate gyrus aging.14

The fetal IG in humans has a transient lamination pattern that
differs from the developmental patterns of limbic areas with the
common ontogenic origin. A recent study*® suggests that IG might
be a target of psychoactive drugs in the prenatal period, con-
currently playing a significant role in the morphogenesis of the
telencephalon midline, especially CC.7-2* The development and
morphology of CC and IG can be abnormal in patients who suffer
from neurodevelopmental disabilities and genetic disorders.?? The
role of IG in the telencephalon midline morphogenesis in health
and diseases, and the relative lack of data in that respect, has
aroused scientific interest in IG. In particular, we were interested
in the fetal human IG and the substrate of |G visibility in the post-
mortem 3T T2-magnetic resonance imaging (MRI) found in our

previous work.®

histoarchitecture of |G discloses the expression of highly hydrated extracellular mol-

ecules in |G as the substrate of higher signal intensity and best visibility of IG during

Conclusions: The knowledge of developmental brain histology and fetal age allows
us to predict the IG-visibility in magnetic resonance imaging (MRI) and use it as a
biomarker to evaluate the morphogenesis of the brain midline. As a biomarker, IG is
significant for post-mortem pathological examination by MRI. Therefore, in the clini-
cal in vivo imaging examination, |G should be anticipated when an assessment of the

brain midline structures is needed in mid-gestation, including corpus callosum thick-

corpus callosum, extracellular matrix, indusium griseum, malformations of cortical
development, prenatal diagnosis, subplate, ultrasound

Key message

Indusium griseum (1G), visible on T2-weighted post-mortem
MRI during mid-gestation due to the highly hydrated ex-
tracellular matrix, may influence the measurements of fetal
callosum thickness. Advanced imaging modalities improve
IG visibility and strengthen IG as a fetal brain imaging
biomarker.

There have only been a few studies concerning the visibility of
IG in MR images in mature human brains.!2?3?* Within this retro-
spective observational study, we aimed to assess the validity of the
IG visibility on post-mortem MR (pmMR) imaging (3T, T2) and in vivo
MRI throughout the fetal development and the potential role of IG in
the evaluation of the normality of prenatal brain development.

2 | MATERIAL AND METHODS

2.1 | MRIstudy population

The pmMR examinations of 90 fetuses staged between 16+4 and
39 + 5 gestational weeks (GW) (equal to weeks of amenorrhea) were
retrospectively reviewed. The exclusion criteria were: (1) absent
MRI, ultrasound, autopsy, or histological examination reports of
fetal pathology, (2) insufficient image quality due to fetal autolytic
changes, and (3) post-mortem interval to imaging longer than 36h.
In total, 19 cases with normal developmental parameters were se-
lected for further analysis. To reveal whether the |G is observable on
in vivo 3.0T MRI, 51 norm-typical cases without cerebral pathology
and significant motion artifacts, ages 18+4 and 36+1 GW, were
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inspected. A total of 24 cases with satisfactory super-resolution 3T

in vivo images were included in the study.

2.2 | MRI methods
The three Tesla (3T) scanner (Magnetom Trio, Siemens Medical
Solutions, Erlangen, Germany) with an ankle and knee coil, using a
T2w-TSE sequence (TR 3180; TE ¢ 137, FOV 144, base resolution
448, gap O, flip angle 149°, duration 14:30min) was used for image
acquisition. In addition, coronal scans of the fetal brain correspond-
ing to plate 5 in the Bayer-Altman atlas were examined.?®

The in vivo 3T MR imaging was performed using Achieva, Philips
Medical Systems, a five-element cardiac surface coil wrapped
around the mother's abdomen without any sedation. The T2-
weighted SSFSE (single-shot fast spin echo) sequences in three
planes were analyzed (TR “shortest”, TE 200ms, FOV 250x 250, in-
plane resolution 0.7 x 0.7 mm, slice thickness 3mm). Specific absorp-
tion rates were kept under 2W/kg. In each case, a minimum of three
as-orthogonal-as-possible acquisitions covering the fetal head in
axial, coronal, and sagittal orientation were acquired. Each view was
first denoised and upsampled, and all views of a case were consecu-
tively combined by iterative motion correction and super-resolution
reconstruction? to yield a single high-resolution isotropic volume

with an isotropic voxel resolution of 0.5mm.3

2.3 | Histological and
immunohistochemical methods

Archive samples of 41 post-mortem human fetal brains, stage 14 to
40 GW, considered normal-typic based on clinical and histopatho-
logical assessment, were included in the histological study.

The entire brains were fixed by immersion in 4% formaldehyde
in 0.1 M phosphate buffer saline (PBS, pH=7.4) and cut to tissue
blocks, further embedded in paraffin, subsequently cut in the coro-
nal plane to 20pum thick sections and stained by Nissl and modified
Mowry method.?”?® Adjacent tissue sections were immunohisto-
chemically labeled as described previouslylg’21 for the primary anti-
bodies: (1) rabbit anti-neuronal nuclear antigen, NEUN (AB104225,
Abcam, Cambridge, UK); (2) rabbit anti-glial fibrillary acidic protein,
GFAP (20334, Dako, Glostrup, Denmark); (3) mouse anti-chondroitin
sulfate, CS-56 (C8035, Sigma, St. Louis, MO, USA); (4) rabbit anti-
neurocan, NCAN (HPA036814, Sigma).

Olympus BX53 light microscope and images captured with the
Olympus UC-90 digital camera (Olympus Corporation, Shinjuku,
Tokyo, Japan) or a high-resolution digital slide scanner Nano-Zoomer
2.0RS (Hamamatsu, Japan) were used for analysis.

The fetal brains imaged post-mortem by MR were immersed in
10% formaldehyde solution (0.9% NaCl, 0.3%ZnSO,x7H,0) for at
least 2weeks, embedded in paraffin, and cut to 4 pm thick sections,
stained with hematoxylin-eosin (HE) and scanned (Hamamatsu
NanoZoomer 2.0-HT).

2.4 | Statistical analyses

Three experts independently rated the IG visibility on coronal T2-w
scans without knowing the fetuses' gestational age. In this manu-
script, and clinical articles and practices, the term gestational weeks
(GW) refers to the period since the first day of the woman's last
menstrual cycle, contrary to anatomical and developmental studies,
where GW usually denotes the estimated period since conception.
The score scale was from 0 to 5: O (not visible), 1 (uncertain visibility),
2 (poor visibility), 3 (satisfactory visibility), 4 (very good visibility),
and 5 (excellent visibility). The rating was repeated after more than
6months under the same conditions. Different regression models
using linear, logarithmic, inverse, quadratic, and cubic fits investi-
gated the association between visibility scores and fetal age. The
R-square was used to indicate the variance of visibility explained by
variations in GW and could range between 0 and 1. A p-value <0.05
was considered statistically significant. The interobserver agree-
ment of the IG visibility was tested between two different raters
and among all three raters by calculating weighted kappa statis-
tics. Kappa (k) values were interpreted as k<0.20 poor agreement,
xk=0.21-0.40 fair agreement, xk=0.41-0.60 moderate agreement,
k=0.61-0.80 good agreement, xk=0.81-1.00 excellent agreement as
in Landis and Koch.?? Analyses were performed using SPSS Statistics
25 (IBM, US) and Medcalc 20.305 (Medcalc, Belgium) software.

3 | RESULTS

After critical inspection of 141 brains of fetuses, stages 16+4 to 39+5
GW, on pm 3T MR (T2-weighted) and on in vivo MR scans, the 19 with-
outanomalies and with a post-mortem delay of less than 36 h were used
for IG visibility rating while 24 for the analysis after super-resolution.
The MR scans were correlated to the HE staining of the same brains
and the matching (by age and anatomical position) histological sections
stained for neuronal, glial, and extracellular matrix molecules from an
additional 41 fetuses, which derived the following results.

3.1 | Molecular and histological correlates of the
IG visibility

The IG can be distinguished on the coronal T2-w image as two small
hyperintense spots situated paramedially above the CC, superim-
posed by a thin hypointense layer (Figure 1B,E). The sagittal plane of
MRI most often is not ideally paramediosagittal and, therefore, can
not scan precisely the entire anteroposterior axis of the IG zones in
one section but fragment (Figure 2). Secondly, the assessment of IG
visibility in the sagittal plane is challenging due to the size of the IG
in the sagittal planes® and the fact that the T2 hyperintense signal
of the superpositioned space of the medial cerebral fissure inter-
feres with the hyperintense signal of the ECM-enriched IG (Figure 2),
while the hypointense signal of the IG cortical plate interferes with
the cortical plate of the cingulate gyrus and the anterior cerebral
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FIGURE 1 The panel represents post-mortem in situ MR (T2-w sequence, coronal plane) scans of the human brains obtained at

three fetal stages showing different |G visibility and scans of the corresponding histological sections of the brain (presented in B and E)
stained with hematoxylin-eosin (HE). A scan of a fetal brain at 16 GW (A) with the magnification of the cortical midline in (D) indicates the
impossibility of IG visualization at this early developmental stage. Scan of a fetal brain at 21 +2 GW is shown in (B); the enlarged view of
the cortical midline reveals (arrows, E) the T2-w IG hyperintensity, and the corresponding histological section (G, H), stained by HE, reveals
the histoarchitectonic structure of the IG. T2-w MR scan of the fetal brain in the coronal plane (C) shows weak IG visibility (arrows in F) at
39GW. Scale bars in all images mark 10mm. The MR images are not post-scanning processed.

artery (its pre- and supracallosal segment, Figure 2). In the coronal
planes, these challenges are minimal, and the IG can be discerned
with the highest chance at the level of the IG convexity around the
genu and splenium of the corpus callosum. The magnetic resonance
images in Figures 1 and 2 are not post-scanning processed with a
super-resolution pipeline or any other way but represent the scans
used daily by radiologists and clinicians of relevant specialties.

The consequent histology of the same brain confirmed the
IG developmental structure (coronal section, HE staining, see

Figure 1G,H). The histoarchitectonic and molecular correlates of
IG visibility were distinguished by immunohistochemistry and are
shown on the images of coronal sections of IG and ventromedial
frontal lobe (cingulate gyrus) at the level of the frontal third of cor-
pus callosum at the stage of 23rd GW (Figure 3). The IG emerges as
a convexity dorsally on the trunk (body) of the CC and below the
juxta-positioned limbus of the most ventral portion of the cingulate
gyrus presented here by specific staining for histoarchitecture (Nissl,
Figure 3A), neuronal (NEUN, Figure 3B), and glial (GFAP, Figure 3C)
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FIGURE 2 The panel presents representative in situ pmMR (T2-w sequence), coronal (A, C, E), and sagittal (B, D, F) plane scans of the
human brains obtained at different fetal stages: 21+3 GW (A and B), 26 +5 GW (C and D), and 30+ 1 GW (E and F), showing various visibility
of IG. Black arrows (in A and C) indicate the higher signal intensity due to extracellular matrix (ECM) abundance in the transient fetal zone of
the IG, while the white arrow (D) points to the IG cortical plate. The IG can be tracked only partially in the sagittal plane (B, D) since the MRI
plane rarely passes through the entire sagittal axis of IG. At the beginning of the third trimester, the IG is visible as a small MRI hypointense
area (white arrowheads in E) due to diminished ECM content. The anterior cerebral artery, its supracallosal segment, as a supra-callosally
positioned hypointense line, is a confounding factor in the visualization of the IG in the sagittal planes and must not be misinterpreted as IG
(black arrowheads in F). Scale bars in all images mark 2mm. MRI images were not post-scanning processed.

elements. The chondroitin sulfate—proteoglycans (CS56, Figure 3E)
and specifically neurocan (NCAN, Figure 3F) show an abundance of
a hydrated matrix in the |G transient subplate zone (empty arrows in
Figure 3D-F), which is the basis for hyperintense spots presented
in MR images (open arrow in Figure 1B,E). The hypointense vertical
stripes above the hyperintense areas in the MR images show the
cortical plates of the future cingulate gyrus. Thus, the ECM-rich
compartment corresponds to the T2 hyperintensity seen on MR
scans. At the same time, the neuron-dense cortical plate, containing
a minimum extracellular matrix, is a hypointense layer on MR scans
(Figure 1B,E).

The brain midline's developmental structural and molecular pat-
tern changes in the later fetal period. The differentiation of IG's cel-
lular components advances at 33 GW, as shown by Nissl, NEUN, and
GFAP staining (Figure 4A-C), flattening out the appearance on the
coronal plane. The IG loses the developmental subplate zone and
the abundance of hydrated extracellular molecules as evidenced by
Mowry staining (Figure 4D), the chondroitin-sulfate proteoglycans
(CS56, Figure 4E), and neurocan (NCAN, Figure 4F) immunolabel-
ing. The CC-1G border (dashed line in Figure 4) is more challenging
to discern at this stage. This histological organization corresponds

to the lower visibility of the IG in MR scans of fetal brains staged in
the third trimester (see Figure 1C,F). The IG layers are more difficult
to discern due to their reorganization, growth in the medial-lateral
and frontal-occipital direction, neuronal dendrites arborization,
axon elongation, and consequent cell-soma distancing in the ma-

ture stage.

3.2 | Association between IG MR visibility and
fetal developmental stage

The evaluation of MRI scans reveals that the visibility of the IG var-
ies throughout fetal brain development. A quadratic fit most accu-
rately characterizes the relationship between IG visibility and fetal
stage (R*=0.529, see Figure 5). The inter-rater variability was very
good, with the « value ranging between 0.623 and 0.709. Each rater
repeated the rating after 6 months, and the intra-rater variability
showed excellent agreement, with « value ranging from 0.81 to 0.93.
The IG visibility peaks in the second gestational trimester at 25-30
GW, and it is the lowest at the earliest fetal stages and again in the
latest fetal trimester (Figure 5).
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FIGURE 3 The panel presents coronal sections of post-mortem human fetal brain through the ventromedial frontal lobe and the first
third of corpus callosum at the stage of 23 GW. Section stained with (A) cresyl violet - modification by Nissl; (D) colloidal iron - modification
by Mowry, and by indirect immunohistochemistry for (B) neuronal nuclei protein—NEUN (C), glial fibrillary acidic protein—GFAP,

(E) chondroitin sulfate proteoglycans (CS-56), and (F) extracellular neurocan (NCAN). The unilateral presentation of indusium griseum (IG)
convexity emerges between the trunk (body) of the corpus callosum (CC) and the juxtapositioned limbus of the most ventral portion of

the cingulate gyrus. The glycosaminoglycans-rich CS-56—proteoglycans (E) and neurocan (F) are expressed in an abundant extracellular
matrix (empty arrow in D-F). The ECM-rich compartment corresponds to the T2 hyperintensity seen on MR scans (Figure 1E). An asterisk in
B marks the IG cortical plate. The magnification scale bar in F represents 500 um and refers to all images.

3.3 | Visibility of IG in in vivo MRI

The in vivo 3-T MR imaging (Figure 6A,C) does not provide details
and satisfactory resolution enough for IG to be visualized, even in
the mid-fetal period when the IG is visible with pmMR. Therefore,
we inspected the cases imaged in vivo by 3T MR after the super-
resolution of the images were obtained. The two hyperintense spots
above the CC were hardly visible in cases at mid-gestation (25+5
GW, Figure 6B,C), which could correspond to the extracellular ma-
trix of the IG.

4 | DISCUSSION

This retrospective observational study deepened our knowledge
about the still enigmatic IG roles and functions by understanding the
histological substrate of hyperintensity of 1G on T2-weighted coro-
nal scans in post-mortem and in vivo 3-T MRI. Furthermore, knowl-
edge of the biological substrate of the MR signal led us to observe
the association between |G visibility and the fetal stage (highest dur-
ing mid-gestation), which allows IG visibility to be considered as a
potential imaging biomarker of the regularity of human fetal brain
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FIGURE 4 The panel presents coronal sections of post-mortem human fetal brain through the ventromedial frontal lobe and the first
third of corpus callosum, at the stage of 33 GW, stained with (A) cresyl violet - modification by Nissl; (D) colloidal iron - modification by
Mowry, and by indirect immunohistochemistry for (B) neuronal nuclei protein—NEUN (C), glial fibrillary acidic protein—GFAP, (E) chondroitin
sulfate proteoglycans (CS-56), and (F) extracellular neurocan (NCAN), showing loss of the abundance of hydrated ECM in transient
developmental layers of IG and loss of its convexity in appearance in the coronal plane. The dashed line marks the CC-IG border, which is
more challenging to discern at 33GW than 23GW, except for the NCAN immunostaining (F). Note that the size ratio of the IG/cingulate
cortex shifts in favor of the cingulate cortex compared to stage 23GW (Figure 2). The scale bar in F marks 500 um and refers to all images.

development, more specifically, the regularity of the brain midline
development. Although the IG functions during human fetal devel-
opment, in addition to the morphogenetic roles of the IG' glial cells
together with the glial wedge and the callosal septa in corpus callo-
sum genesis,® 2! is still unclear, previously shown absence of regres-
sion features in IG,® highly supports its importance and necessity in
the human brain. Altogether, this indicates the need to evaluate IG,
not only its development and later reorganization at the molecular
and histological level, but also to evaluate IG with MR imaging tools,
specifically when used in fetal medicine, in assessing the brain mid-
line development.

In our previous study, we showed the histoarchitectonic re-
organization of |G during prenatal development into the mature
IG and proved the possibility of visualizing fetal IG in pmMR. The
current study further elaborates on the significance of IG visi-
bility throughout different fetal stages in the post-mortem, and
in vivo fetal MRI. The measures of IG on coronal and sagittal
histological sections in different developmental stages are ex-
tensively described in Bobi¢-Rasonja et al.® After brain fixation
and dehydration, which cause shrinkage, the measures of the IG
cross-sectional area in histological sections are ca. 5.7-6.7 mm?
(measures 0.8-1mm height in coronal plan) in fetuses at 20-27
GW,® the period of highest IG-visibility, which explains the size
of hyperintense spots on MRI scans of approximately two pixels,
depending on the angle of the scanning. However, measuring the

precise |G size or precise ratio between IG and CC thickness in
MRI scans is challenging due to the difficulties in determining the
border between the ventral IG's and dorsal callosal surface. After
the mid-fetal I1G visibility peak, two factors decrease the signal
intensity toward the last fetal trimester: the loss of hydrated ex-
tracellular molecules in the IG and the decrease of the IG cross-
sectional area size due to |G reorganization in the medial-lateral
and frontal-occipital direction.® The visibility of 1G after 37 GW is
similar to that shown in the adult brain.'?%

A recent systematic review of studies on CC morphometry*° has
revealed significant heterogeneity in methodology and study design
across studies. The referent measures for CC thickness in the mid-
sagittal plane on MRI®! in adults and neonates are known, which
is not the case for fetal CC. According to Rakic and Yakovlev,*? in
histological sections (after fixation and dehydration caused shrink-
age), the average width of the CC (4 fetuses) age range 18-22 GW
was 1.23mm (genu) and 1.06 mm (body), whereas, at 22-26 GW, CC
width was 1.86mm (genu) and 1.14mm (body). The average width
of the CC (8 fetuses) at 26-30 GW was 2.30mm (genu) and 1.11 mm
(body). However, measured by ultrasound, the mean thickness of the
fetal CC at 19 GW is approximately 2mm (genu) and 1 mm (body),
and at 25th GW, 3mm and 2mm, respectively.’¥34 The IG possibly
contributes to the measured CC thicknesses in ultrasound imaging
morphometry (Figure S1). According to some imaging studies, it
should be prudent when the estimated CC thickness is more than
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FIGURE 5 The graph shows the association between fetuses' age in gestational weeks and visibility rating score dependent on the agreed
IG characteristics (see Material and Methods section). The graph scale ranges from grade O to 5 (on the y-axis, |G visibility from 0-5) and
gestational weeks from O to 40 (on the x-axis). A quadratic fit (R=0.529, p <0.0001) best describes the association between both.

FIGURE 6 Presentation of in vivo

3T MR (T2-w) scans of a human fetal
brain at 25+5 GW before (A and C) and
after (B and D) super-resolution image
processing. Scans in the coronal (A) and
sagittal (C) plane of the fetal brain on
regular in vivo T2-w 3T MRI reveal

no possibility of IG visualization. MR
scans after super-resolution processing
(B and D) show challenging but potential
for visualization of |G as two cloudy spots
of higher signal intensity (indicated by a
black arrow in B), below the hypointense
vertical lines representing the cortical
plates of the left and right cingulate
regions.
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two standard deviations different from the defined mean values
since this finding is considered as malformed CC.3%%°

Therefore, clinicians need to anticipate that the IG may contrib-
ute to the biometrics of CC. Also, other anatomical structures, such
as medial and lateral longitudinal Lancisi' striae or aberrant callosal
fibers, might interfere with correct measures of the CC.3¢ Both the
anatomical and functional relationship of IG and CC are intertwined
in the CC morphogenesis and in CC malgenesis,*”*820-2137 which
contributes to proving that IG visibility in MRI could serve as a bio-
imaging reference of normal brain development. Developmental CC
disorders are diagnosed around 20 GW or earlier in most clinical
cases. Our study shows that the best visibility of the IG is during
mid-gestation and is less reliable before and after this period.
However, we may expect that the visibility and distinction of IG as
well as other small brain structures abundant with ECM, will improve
with the advancement of imaging modalities and post-scanning pro-
cessing resolution progress. A consensus methodology of the high-
est quality will be essential in defining CC and other malformations
and providing appropriate parental counseling.

The main limitation of this study was the number of encom-
passed cases due to the unavailability of MRI scans without brain
pathologies. However, it is comparable to similar studies and has the
advantage of in situ imaging, unlike in vitro MRI studies of the fetal
brain.®8-%° Future multicentric fetal MR studies, with more cases
included, based on the correlation of structural MRI to histology
and immunohistochemistry and advances in in vivo MRI techniques,
could elucidate the role of IG in health and disease as well as its prog-
nostic value. The emerging advanced anatomical and functional im-
aging technology could be the first step in translating these findings
to the in vivo setting where the |G serves as an imaging biomarker of

the regularity of fetal brain development.

5 | CONCLUSION

The fetal indusium griseum can be visualized on T2-weighted MR
images as small, paired, para-medial higher signal intensity areas po-
sitioned on the dorsal surface of the corpus callosum (CC) trunk. The
visibility of IG is most increased between 25 and 30 GW on pmMRI,
which coincides with the transient expression of hydrated ECM in
the IG. The IG anatomic position above the callosal trunk could in-
fluence the measurements of CC thickness when imaging methods
are used at its developmental peak. The progress of the superior
resolution imaging modalities may improve the visibility of the I1G
in in vivo MRI soon, strengthening the value of I1G as a biomarker in

fetal medicine.
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