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The human cerebral cortex is characterized by a number of features that are not uniformly distributed, such as the
presence of multiple cytoarchitectonic elements and of myelinated layers running tangentially to the cortex sur-
face. The presence and absence of these features are the basis of the parcellation of the cerebral cortex in several
areas. A number of areas show myelin increases localized within the cortex, e.g., the stria of Gennari located in
layer IV of the primary visual cortex. Sub-millimeter MRI can resolve myelin variations across the human cortex
and may allow in vivo parcellation of these brain areas. Here, we image within-area myelination. We modified a
T1-weighted (T1-w)MPRAGE sequence to enhancemyelin visualizationwithin the cortex. First, we acquired im-
ages from an ex vivo sample, and comparedMRI laminar profiles fromcalcarine (corresponding to primary visual
cortex) and extra-calcarine areas with histology sections from the same locations. Laminar profiles betweenmy-
elin stained sections and the T1-w images were similar both in calcarine as well as extra-calcarine cortex. In
calcarine cortex, the profile reveals the stria of Gennari. In extra-calcarine cortex, a similar profile exists which
we suggest corresponds to the lines of Baillarger. Next, we adapted the same sequence to image within-area
myelination in vivo.
Also in in vivo data, we discriminated similar laminar profiles in calcarine and extra-calcarine cortex, extending
into parietal and frontal lobes.We argue that this myelin pattern outside the calcarine cortex represents the lines
of Baillarger.

© 2016 Elsevier Inc. All rights reserved.
Introduction

The human cerebral cortex is characterized by laminar features that
are not distributed uniformly across its extent. Differences in local corti-
cal thickness, the presence of multiple myelinated layers, and differ-
ences in cytoarchitecture make it possible to recognize different areas
within the cerebral cortex (myeloarchitectonics: Vogt, 1903 and
cytoarchitectonics: Brodmann, 1909).

Since the beginning of the twentieth century, these features are the
basis for neuroanatomical studies of the cortex and the efforts for its
parcellation, in order to link local structure to function (Vogt, 1903;
von Economo and Koskinas, 1925; for a review, see Geyer and Turner,
, Helmholtz institute, Utrecht
t, Netherlands.

so).
2013; Nieuwenhuys, 2013; for a meta-analysis of data from the Vogt–
Vogt school see Nieuwenhuys et al., 2014).

Modern neuroimaging methods allow the investigation of the func-
tional and structural organization of the human cerebral cortex, in vivo.
Recent advances have been particularly successful in visualizing
myelination patterns in vivo across the cortex. These myelination pat-
terns are used to identify a large number of cortical areas that can
match probabilistic cytoarchitectonic atlases and retinotopic maps
(Fischl et al., 2008; Hinds et al., 2008; Bock et al., 2013; Glasser and
Van Essen, 2011; Marques and Gruetter, 2013; Sereno et al., 2013;
Sánchez-Panchuelo et al., 2012, 2014; Lutti et al., 2014; Dinse et al.,
2015; Tardif et al., 2015).

Some studies visualized detailed myelination patterns within the
human primary visual cortex, visualizing the stria of Gennari (Barbier
et al., 2002; Bridge et al., 2005; Eickhoff et al., 2005; Trampel et al.,
2011), aswell as intra-cortical details in locations outside primary visual
cortex (Sánchez-Panchuelo et al., 2012), and in motion-sensitive area
V5 (Walters et al., 2003).
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The stria of Gennari is a band of highly myelinated fibers that runs
tangentially to the gray matter surface in primary visual cortex, at the
level of layer IV (Gennari, 1782). Due to its presence, the primary visual
cortex is also known as the striate cortex. This structure is visible to the
naked eye on macroscopic examination of the brain and represents a
special case of the outer band of the lines of Baillarger (Baillarger,
1840). The lines of Baillarger consist of two bundles of myelinated fi-
bers, located in the internal granular layer of layer IV and internal pyra-
midal layer of layer V. At a microscopic level, the lines of Baillarger can
be found throughout the cortex (Baillarger, 1840). However, these
lines have not been visualized in vivo in humans, except visual area
V5/MT (Walters et al., 2003), whereas they have been visualized on ex
vivo samples (Waehnert et al., 2014). This is probably due to the
lower contrast and smaller thickness that characterize this particular
dual-band structure, as compared to the stria of Gennari.

Here we aim to visualize myelin variations within the human cortex
combining in vivo, ex vivo, and histological measurements.

We extended a T1-weighted (T1-w) magnetization prepared rapid
acquisition gradient recalled echo (MPRAGE) sequence (Bock et al.,
2009) to optimize contrast between low and highmyelin content with-
in human cortex. We compared high-resolution MRI intensity profiles
along cortical thickness (laminar profiles) from calcarine and extra-
calcarine areas from an ex vivo sample with corresponding histology
sections from the same locations. In calcarine cortex, the profile reveals
the stria of Gennari. In extra-calcarine cortex, a similar profile exists
which we suggest corresponds to the lines of Baillarger. Next, we
adapted the same sequence to image within-area myelination in vivo.
Also, in in vivo data, we discriminated similar laminar profiles in
calcarine and extra-calcarine cortex extending into parietal and frontal
lobes. We suggest that this myelin pattern outside the calcarine cortex
represents the lines of Baillarger.
Methods

Ex vivo imaging

Formalin-fixed brain samples were obtained from one human sub-
ject (54-year-old female) who had undergone autopsy in our hospital
(University Medical Center Utrecht, UMCU) to establish cause of death
(Fig. 1A). The subject had no known (history of) cerebral disease. The
use of this tissuewas in accordancewith local regulations and approved
by the medical ethics committee of the UMCU. The arachnoid was
removed prior to scanning. The slices were placed in a plastic
formalin-filled container and scanned overnight. Images were acquired
using a 7 Tesla MR system (Philips Healthcare, Cleveland, OH, USA;
gradient strength: 40 mTm, slew rate: 200 T/m/s) with a volume trans-
mit and 32-channel receive head coil (Nova Medical, Wilmington, MA,
USA).
Fig. 1. Panel A, for each location the volumewasmanually segmented, delineatingWMand the C
CSF mesh, blue arrows) are drawn over the WM mesh. Single profiles were obtained by inte
reaching the CSF mesh in 100 steps. Panel C, all the profiles for each location were averaged to
D, data from the average profile was smoothed to low-pass the signal. Green arrow represen
dotted red lines represent the median first negative to positive zero-crossing point from the
deviation over all profiles.
Images were acquired with a 3D T1-wMPRAGE sequence optimized
for ex vivo imaging, accounting for the changed T1 relaxation time con-
stant of brain tissue after formalin fixation. The inversion delay (TI) was
adjusted such that the gray matter (GM) signal was just above the null
point, while the time delay (TD) between inversion pulses was chosen
long enough to reduce the difference in longitudinal magnetization be-
tween white and gray matter prior to the inversion pulse. Thus, high
contrast betweenwhite and graymatter was obtained, yielding optimal
contrast between graymatter with high myelin content (“white matter
like”) and graymatter with lowmyelin content. The following parame-
ters were used: TR/TE: 7.7/3.5 ms, flip angle: 8 degrees, adiabatic inver-
sion, TI: 280 ms, TD: 2 s, resolution 400 × 400 × 400 μm3, 80 slices,
bandwidth 202 Hz/pixel, no acceleration, scan duration approximately
1 h and 9 min. A proton density (PD) scan was acquired for subsequent
correction of B1 field inhomogeneity as follows: 3D turbo-field echo,
TR/TE: 9/2 ms, FOV: 140 × 132 × 40, flip angle = 1 degree, voxel size:
1 × 1 × 2 mm3, 40 coronal slices, BW: 506 Hz/px, no acceleration, scan
duration=33 s. Very high-resolution T2*-weighted (T2*-w)wgradient
echo imageswere acquired as an anatomical reference (3D T2*-w gradi-
ent echo TR/TE: 75/20ms, flip angle 25 degrees, bandwidth 53Hz/pixel,
resolution 180 × 180 × 180 μm3, 278 slices, no acceleration, scan dura-
tion approximately 5 h). Examples of the T1*-w and T2*-w images are
shown in Fig. 1B and C. T2*-w images, particularly phase images, show
excellent contrast for the stria of Gennari (Duyn et al., 2007). Here,
both magnitude and phase images were reconstructed but phase im-
ages had to be discarded because of susceptibility artifacts caused by
air bubbles trapped in the sample. Therefore, we used the magnitude
images for anatomical reference.

Histology

After imaging, representative areas from the calcarine cortex and
areas from extra-calcarine cortex were excised and subjected to stan-
dard histological analysis. The tissue was dehydrated and embedded
in paraffin. 4-μm thick serial sections were cut using a microtome, and
adjacent sections were stained with Luxol fast blue–periodic acid Schiff
(LP) for the visualization/identification of myelin. Obtained sections
were studied using a microscope, with a camera mounted on top of
themicroscope. For further analysis, pictures were taken from histolog-
ical samples (resolution: 1280 × 1024).

In vivo imaging

Four males participated in the in vivo experiment occipital pole ac-
quisition, and five males participated in the in vivo experiment whole-
brain acquisition (age range 25–39 years). All experimental procedures
were conducted in accordance with the 1964 Declaration of Helsinki
(most recently amended in 2008, Seoul), and approved by the ethics
SF borders. Panel B,WMmesh and CSFmesh, the valid normals (normals that intersect the
rpolating (via nearest neighbor interpolation) the volume along the valid normals until
gether (only 13 points are reported, the complete profile consisted of 100 points). Panel

ts the first positive to negative zero-crossing point of the first derivative, continuous and
bootstrapping procedure, and 95%CI, respectively. The error bars indicate the standard



Fig. 2. Panel A, sample of one of the ex vivo human brain slices that underwent scanning. Panel B, T1-w image (please note that contrast is inverted for visualization purposes) acquired at
0.4 mm isotropic resolution. Panel C, representative image of the T2*-w data acquired at 0.18 mm isotropic resolution.
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committee of the UMCU. Images were obtained using a similar T1-w
MPRAGE sequence as used for the ex vivo scan, optimized for in vivo im-
aging. A strong contrast between gray and white matter was obtained
with TD=6 s (approximately 3 times the T1 of GM, allowing full recov-
ery of both GM and white matter (WM) prior to inversion) and TI =
1200ms (yieldingGM signal just above zero). At this TI and TD, cerebro-
spinal fluid (CSF) appears bright in the reconstructedmagnitude images
(Fig. 5). Occipital and whole-brain images were acquired per subject, as
described below. A PD scan centered on the occipital and whole-brain
field-of-view (FOV), respectively, was acquired for subsequent correc-
tion of B1 field inhomogeneities and for correction of the intensity inho-
mogeneity due to the sensitivity profiles of the receive coils. Head-
motion was limited by foam padding.
Occipital images
The FOV was centered on the occipital pole. Acquisition parameters

were TD/TI: 6000/1200 ms, adiabatic inversion, TR/TE: 8/4 ms, flip
angle: 8 degrees, voxel size: 500 × 500 × 500 μm3, FOV: 140 × 140 ×
30mm3, 60 coronal slices, bandwidth 202 Hz/px, number of excitations
per inversion: 275, linear readout, and no acceleration. Scan duration
was ~7.5 min, 6 repeated scans were acquired per participant. This pro-
tocol was adopted to increase the signal-to-noise ratio (whichwould be
compromised with the use of accelerated imaging) at the cost of scan
time duration. PD scan parameters: 3D turbo-field echo, TR/TE:
9/2 ms, FOV: 140 × 140 × 30 mm, flip angle = 1 degree, voxel size:
1 × 1 × 1 mm3, 30 coronal slices, BW: 506 Hz/px, no acceleration, scan
duration = 26 s.
Whole-brain images
The whole-brain protocol included acceleration to investigate the

feasibility of the technique within clinically acceptable scan times.
Whole-brain coverage was obtained with the following parameters:
TD/TI: 6000/1200 ms, adiabatic inversion, TR/TE: 8/3 ms, flip angle:
8 degrees, voxel size = 500 × 500 × 500 μm3, FOV: 250 × 250 ×
180 mm3, 360 sagittal slices, bandwidth 201 Hz/px, number of excita-
tions per inversion: 300, linear readout, acceleration using SENSE: 2.5
(anterior–posterior) × 2.5(right–left). Additionally, we used an opti-
mized linear sampling scheme over ky and kz provided by the vendor
software (termed Free factor), effectively allowing a high number of ex-
citations per inversion in combinationwith an elliptical k-space shutter.
Scan duration was 7.5min (4–5 repetitions were acquired for each par-
ticipant, scan duration without the use of Free factor would be
~15 min). PD scan parameters: 3D turbo-field echo, TR/TE: 6/3 ms,
FOV: 250×250×180mm, voxel size: 1×1×1mm3,flip angle 1 degree,
180 sagittal slices, BW: 253 Hz/px, SENSE: 1.8 (anterior–posterior) ×
1.8(right–left), scan duration 48 s. The same sequence was used to ac-
quire the data for two participants with a different resolution (voxel
size = 600 × 600 × 600 μm3) with all other parameters being the
same, as a control for the presence of Gibbs ringing (truncation
artifacts).
Preprocessing

Ex vivo
The T2*-w images were used for GM andWM segmentation and the

segmentation was subsequently applied on the T1-w images. Segmen-
tation of the images was performed manually (see below: Laminar
analisis). T2*-w images (and segmentation images) were interpolated
to 400 μm3 voxels by means of nearest interpolation, to match the
T1-w scan resolution and manually realigned to the T1-w scan using
Slicer (Fedorov et al., 2012). Please note that the contrast is inverted
T1-w images to match the contrast on the histology samples. The corre-
spondence between histology and ex vivoMRI was obtained by visually
inspecting the images.

In vivo
In vivo occipital and whole-brain T1-w images were corrected for

head movement between scan acquisitions using the 3dAllineate func-
tion in AFNI (http://afni.nimh.nih.gov), using 6 degrees of freedom and
imposing wsinc5 as the last interpolation step. After motion correction,
images of the same FOVwere averaged together to increase SNR. PD im-
ageswere resampled to the corresponding T1-w space and blurredwith
a Gaussian smoothing kernel (full width half max= 12mm). T1-w im-
ages were divided by the blurred PD images of the corresponding FOV.
Please note that the contrast is inverted T1-w images to match the con-
trast on the histology samples.

Location selection

Ex vivo
Five different locations were sampled for histological analysis: left/

right calcarine cortex, a location dorsal to the left calcarine, and a left/
right location ventral to the calcarine cortex. The same locations were
selected on the T2*-w and T1-w images.

In vivo
Four locationswere selected from the occipital T1-w images for each

participant: two in the calcarine cortex and two in extra-calcarine loca-
tions. On the whole-brain T1-w images, we selected 4 similar locations
in the occipital, parietal, and frontal lobes for each hemisphere per par-
ticipant (total of 12 separate locations for each participant). Selection of
extra-calcarine locations in the cortexwasmotivated by visual observa-
tion of a striated appearance within the cortex.

Laminar analysis

For each location, the volume was manually segmented using Slicer
(Fedorov et al., 2012), delineating WM and the CSF (Fig. 2A). The seg-
mented WM and CSF were smoothed with a Gaussian kernel (std =
0.8 voxels). The faces and vertices of theWM and CSF meshes were ex-
tracted from the isosurface of the volume (using the MATLAB function
isosurface). The normals of the white mesh were computed and

http://afni.nimh.nih.gov
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grown until they intersected the CSF mesh. Only the normals that
intersected the CSF mesh were kept for subsequent analysis (valid
normals), all the other normals were not analyzed further (Fig. 2B,
blue arrows). Individual profiles were obtained by interpolating (via
nearest neighbor interpolation) the volume along the valid normals
until reaching the CSF mesh in 100 steps.

The Euclideandistancewith respect to GM-WMborderwas comput-
ed (Ress et al., 2007 equidistance approach). Waehnert et al. (2014)
showed that an equivolume approach in estimating layer 4 location
Fig. 3. Panel A, zoomed view of the ex vivo T1-w data, left hemisphere, and the selected locat
calcarine), and left ventral location (with respect to calcarine). Panel B, zoomed view of
underwent laminar analysis. Myelin stain images taken from the above selected locations and
are listed in rows C to E. Row C, left calcarine location. Row D, left ventral location (with respe
averaged laminar profiles per location from the GM/WM border (0 on the x-axis) to the GM/
for each location. A red dotted line was drawn if an hypo-intense band was identified in m
Significant hypo-intense bands were found in the histology and T1-w intensity profiles. For
cortex, but not on locations ventral and dorsal with respect to the calcarine. Example of additi
outperformed the equidistance approach for extremely high acquisition
resolutions (~0.1 mm isotropic). However, they also showed that the
equivolume and equidistance approaches were indistinguishable at rel-
atively lower resolutions (0.5 mm isotropic).

For each location, a variable number of individual profiles was ob-
tained, ranging from 25 to 45 profiles. All the profiles were averaged to-
gether (Fig. 2C, only 13 points are reported, the complete profile
consisted of 100 points). Then, the average profile was smoothed using
the R software (http://www.R-project.org) implementation of cubic
ions that underwent laminar analysis: left calcarine, left dorsal location (with respect to
the T2*-w data, left hemisphere (0.18 mm isotropic), and the selected locations that
the corresponding laminar profiles extracted from histology, T1-w data and T2*-w data
ct to the calcarine). Row E, left dorsal location (with respect to the calcarine). Plots show
CSF surface (1 on the x-axis). The error bars indicate standard deviation over all profiles
ore than 75% of the bootstrapped profiles on a single location (see ‘Laminar analysis’).
the T2*-w intensity profiles, a hypo-intense band could be identified for the calcarine

onal high-resolution histology images can be found in Fracasso et al., 2016, figure 16.

http://www.R-project.org
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spline fit with 0.55 as a smoothing parameter (Fig. 2D). The smoothing
step was incorporated to low-pass the signal, in order to find a stable
zero-crossing point in the first derivative of the profile, see below.

An estimate of a change in profile intensity along the average profile
was derived by means of a bootstrapping procedure (2000 repetitions
with replacement). A change in the profile intensity was defined as
the first negative-to-positive zero-crossing point of the first derivative
of the smoothed profile, extracted for each bootstrapped iteration, if it
existed (hypo-intense band). For each iteration, we extracted also the
first positive to negative zero-crossing point of the first derivative, if it
existed, giving an index of where the hypo-intense band started along
the profile (see green arrow, Fig. 2D).

For any given location, we assessed whether the proportion of
bootstrapped samples where a hypo-intense bandwas identified statis-
tically exceeded 75%, using the test of given proportions. Multiple tests
were corrected using Bonferroni correction. In case we could reject the
null hypothesis that the proportion was smaller than or equal to 75%, a
reliable hypo-intense band in profile intensity was identified for that
specific location.
Fig. 4. Panel A, zoomed viewof the ex vivo T1-w data, right hemisphere, and the selected locatio
of the T2*-w data, right hemisphere (0.18mm isotropic). Myelin stain images taken from the ab
and T2*-w data are listed in rows C andD. RowC, right calcarine location. RowD, right ventral lo
the x-axis) to GM/CSF surface (1 on the x-axis), the error bars indicate standard deviation over a
75% of the bootstrapped profiles on a single area (see ‘Laminar analysis’). Hypo-intense bands
hypo-intense band could be identified for the calcarine cortex, but not on the location ventral w
found in Fracasso et al. 2016, figure 16.
For any given location we assessed the amplitude of the
hypo-intense band by subtracting the profile intensity at start of
the hypo-intense band (see green arrow, Fig. 2D) from the profile
intensity at the minimum of the hypo-intense band (red continuous
line, Fig. 2D).
Intensity profiles inside the white matter, control profiles

Gibbs ringing consists of multiple, parallel bands of alternating
bright and dark signal from a high contrast border, due to k-space
truncation. Gibbs ringing would manifest on either side of a high
contrast border (thus inside GM and also inside WM). For each partici-
pant, we measured T1-w intensity profiles from 4 locations for the
whole-brain scan, sampling intensity profiles inside WM towards GM.
We analyzed the result for the presence of a hypo-intense band along
the profiles (see Fig. 10). Differences in amplitude of the hypo-intense
band between different locations were assessed via within-participant
ANOVA, and Bonferroni corrected t-test for post-hoc analysis.
ns: right calcarine, right ventral location (with respect to calcarine). Panel B, zoomed-view
ove locations and the corresponding laminar profiles extracted from histology, T1-w data
cation (with respect to the calcarine). Plots represent laminar profiles fromGM/WM (0 on
ll profiles. A red dotted linewas drawn if a hypo-intense bandwas identified inmore than
were found in the histology and T1-w intensity profiles. For the T2*-w intensity profiles, a
ith respect to the calcarine. Example of additional high resolution histology images can be
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Within-scan noise level estimates

To assess whether within-scan motion corrupted the image quality,
we compared the noise level estimates along the phase encoding direc-
tion. For each participant and acquired whole-brain volume, we arbi-
trarily defined 10 ROIs (10 cubic voxels) on posterior locations and 10
ROIs on anterior locations (outside the brain). For each ROI, we obtained
a noise estimate by computing the average T1-w signal divided by the
standard deviation of the T1-w across all the voxels in the ROI. Values
on the anterior and posterior ROIs across participants were compared
by means of two-sample t test.

In vivo data, surface analysis

For the surface analysis on whole-brain data, images were
downsampled to 1 mm isotropic resolution, using nearest neighbor in-
terpolation. In this way, data were compatible with FreeSurfer pipeline
(http://freesurfer.net/), and cortical surfaces were reconstructed. The
Fig. 5. Panel A, coronal slice, in vivo T1-w image for one participant (P1). Locations in the calcar
Red arrows point to other locations where hypo-intense band is visible around the middle of co
x-axis) to the GM/CSF surface (1 on the x-axis) for each location, error bars indicate the stand
bootstrapped 95% CI of hypo-intense band location. A hypo-intense band in T1-w images w
calcarine and extra-calcarine locations, see Fracasso et al., 2016 for data from the 3 other pa
early visual area retinotopic maps for participant 1, superimposed on a reconstructed whole-b
surround represent calcarine locations projected to the mesh surface, yellow dots with a r
calcarine locations are well outside the functionally defined area V1.
surface analysis on the whole-brain images was performed in the
followingway: image intensity was sampled halfway the cortical thick-
ness, based on the FreeSurfer cortical thickness estimate. The global
mean intensity was subtracted from the intensity value distribution
and corrected for local curvature by means of linear regression
(Sereno et al., 2013).

Results

Histology

Histological laminar profiles showed a characteristic pattern, a
hypo-intense band in image intensity, located at the middle of cortical
thickness was found for all selected locations, i.e. calcarine (Figs. 3C
and 4C), and extra-calcarine (Figs. 3D, E and 4D). In calcarine cortex,
the location of the hypo-intense band corresponded to the highly mye-
linated stria of Gennari, the structure that identifies primary visual cor-
tex. A similar hypo-intense band located at the middle of cortical
ine cortex and extra-calcarine cortex are indicated in the image (black white dotted lines).
rtical thickness. Panel B, Laminar profiles are reported from the GM/WMborder (0 on the
ard deviation over all profiles for each location, vertical red lines in represent median and
as identified in more than 75% of the bootstrapped profiles (see ‘Laminar Analysis’) in
rticipants. Panel C, sagittal view. Panel D, axial view, centered on the calcarine. Panel E,
rain 3D mesh. Areas V1 to V3 as well as V3A and V3B are reported. Black dots with a red
ed surround represent extra-calcarine locations projected to the mesh surface. Extra-

http://freesurfer.net
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thickness was found also moving dorsally and ventrally with respect to
the calcarine cortex.

Ex vivo

T1-w and T2*-w intensity laminar profiles from the calcarine cortex
of the ex vivo sample showed a monotonic increase towards the
GM/CSF surface, similar to histology. A hypo-intense band in T1-w and
T2*-w intensity was identified around the middle of the cortical thick-
ness corresponding to the location of the highly myelinated stria of
Gennari. Moving dorsally and ventrally with respect to the calcarine
cortex, a similar hypo-intense band, located around the middle of the
cortical thickness, was identified for the T1-w intensity profiles, but it
was not observed along the T2*-w intensity profiles (see Fig. 3, rows
C, D, and E; Fig. 4, rows C and D, T1-w and T2*-w profiles).

In vivo occipital T1-w images and laminar profiles

Analysis of the occipital T1-w in vivo data showed a hypo-intense
band in the middle of the cortical thickness similar to the ex vivo data.
For the calcarine cortex, this feature can be related to the stria of Gennari
(Fig. 5A,B). Moreover, extra-calcarine areas also showed a similar hypo-
intense band in T1-w intensity in the middle of the cortical thickness
(Fig. 5A). The location of these areas is not compatiblewith the calcarine
cortex and is well outside the range of primary visual cortex (Fig. 5E, for
details about visual field mapping see Fracasso et al., 2016, figures 2–5).

The hypo-intense band in T1-w images located around themiddle of
the cortical thicknesswas consistently observed across all 4 participants
for the occipital in vivo T1-w scan (Fig. 6, see Fracasso et al., 2016,
figures 2–5 for retinotopic mapping results and intensity profiles of all
participants from calcarine and extra calcarine areas).

Hypo-intense band amplitudewas compared between calcarine and
extra-calcarine locations by means of a paired samples t-test. The test
showed a difference between calcarine and extra-calcarine locations
(T(7) = 4.46, p b 0.05). A larger amplitude of the hypo-intense band
was observed for the former compared to latter locations.
Fig. 6. in vivo T1-w images and profiles for participants 2–4 (separate rows), for calcarine and
imagesmark the selected calcarine and extra-calcarine locations. These locations are shown enla
Laminar profiles are reported from theGM/WMborder (0 on the x-axis) to theGM/CSF surface (
each location, vertical red lines in graphs represent median and bootstrapped 95% CI of hypo-i
middle of the cortical thickness (red dotted lines on graphs), were found in calcarine and extra
The largestmotion detected acrossmultiple repetitions for each par-
ticipant is reported in Fracasso et al., 2016, table 1, estimatedmotion pa-
rameters across participants and scans ranged from a minimum of
0.55 mm to a maximum of 2.8 mm.

In vivo whole-brain T1-w surface map

The surface analysis of the whole-brain images revealed cortical
myelination maps consistent with previous reports (Glasser and Van
Essen, 2011; Sereno et al., 2013). After correcting for local curvature, a
number of cortical locations showed increased myelination, located at
the level of the calcarine sulcus, central, and post-central sulcus, the su-
perior temporal sulcus and middle temporal cortex (compatible with
motion-sensitive area MT). Fig. 7 shows the results for one participant.
Results were similar for all participants.

In vivo whole-brain T1-w images and laminar profiles

Fig. 8 shows example coronal, axial and sagittal slices for one partic-
ipant (P2, similar results were found for all participants, the complete
dataset with the 5 participants can be found on Fracasso et al., 2016).

T1-w profiles were also obtained from thewhole-brain T1-w in vivo
scans. A hypo-intense band on T1-w images around themiddle of corti-
cal thickness was detected for locations in occipital cortex (Fig. 9,
column A) and parietal cortex (Fig. 9, column B). Importantly, this
hypo-intense band was also detected for the locations in frontal cortex
(Fig. 9, column C), a region typically not associated with increased
within-area myelination. Results were similar for all participants (data
from the other 4 participants can be found in Fracasso et al., 2016,
Figures 6–15).

The largestmotion detected acrossmultiple repetitions for each par-
ticipant is reported in Fracasso et al., 2016, Table 1, estimated motion
parameters across participants and scans ranged from a minimum of
0.45 mm to a maximum of 1.5 mm.

Results of the within-participant ANOVA for the T1-w images
showed a main effect of location where the profiles where extracted
extra-calcarine locations. Left column: Example occipital T1-w images. Red squares on the
rged in themiddle and right columns respectively,with the corresponding laminar profile.
1 on the x-axis) for each location. Error bars indicate standarddeviation over all profiles for
ntense band location. Consistent hypo-intense bands in T1-w images, located around the
-calcarine cortex for all participants.



Fig. 7. T1-w intensity across the inflated cortical surface. Inflated pial surfaces were
generated using Freesurfer (http://freesurfer.net/) using proton density corrected, T1-w
whole-brain scans, sampling halfway the cortical thickness, based on the FreeSurfer
cortical thickness estimate. The maps show a number of cortical areas with increased
T1-w intensity with respect to the mean. These probable myelination increases are
located mainly in primary sensory and motor cortices: Primary visual cortex (calcarine
sulcus), primary sensorimotor cortex (central and post-central sulcus), primary auditory
cortex (superior temporal sulcus; Heschl's gyrus), and middle temporal cortex (MT+).
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(F(3,12) = 8.45, p b 0.05). Statistical analyses reveal that the amplitude
of the hypo-intense band in occipital locations was larger than in parie-
tal locations (paired sample t-test, T(19) = 3.21, p b 0.01, corrected for
multiple comparison), frontal locations (paired sample t-test, T(19) =
3.84, p b 0.05, corrected for multiple comparison), and control locations
inside WM (Fig. 10, two sample t-test, T(28) = 3.74, p b 0.01). When
present, the hypo-intense band in WM was 70% smaller than the
hypo-intense band inside GM (Fig. 10).

For two participants, we compared the profiles derived at 0.5 mm
isotropic with profiles derived at 0.6 mm isotropic from the same loca-
tions. Neither the locationwith respect to cortical thickness nor the am-
plitude of the T1-w hypo-intense band differed between the profiles
obtained for the two acquisitions (paired samples t-test, t(7) = 0.04,
p N 0.05, and t(7) = 1.85, p N 0.05, respectively), see Fig. 11.
Fig. 8. In vivowhole-brain T1-wdata, example coronal, sagittal (panel B), and axial (panel C) slic
2016, figures 6-15). Red arrows point to representative locations where an hypo-intense ba
coordinate on the three views. Note that the hypo-intense band can be identified on either he
To assess whether within-scan motion corrupted the image quality,
we compared the noise level estimates along the phase encoding direc-
tion. Noise estimates from the posterior portion of the scandid not differ
from estimates derived from the anterior portion of the brain (t(4) b 1,
p= 0.29, ns), indicating that within-scanmotion did not corrupt image
quality.

Discussion

Summary

We compared laminar profiles from ex vivo T1-w MRI scans to cor-
responding myelin stained histological samples from the same areas of
the human cerebral cortex. Laminar analysis of histology sections re-
vealed amyelin intensity variation located around themiddle of the cor-
tical thickness for locations within and outside the calcarine cortex.
These profiles mimicked closely the profiles obtained for ex vivo T1-w
images, showing a consistent hypo-intense band around the middle of
the cortical thickness for both calcarine and extra-calcarine areas of
the cortex. Comparable profiles were also obtained for in vivo T1-w im-
ages in healthy adults, showing a similar hypo-intense band in T1-w im-
ages around the middle of the cortical thickness for both calcarine and
extra-calcarine areas. In T1-w images at the level of calcarine cortex,
the profile revealed the stria of Gennari. In extra-calcarine cortex, a sim-
ilar profile was observed, which we suggest corresponds to the lines of
Baillarger.

Lines of Baillarger

The lines of Baillarger consist of two bundles ofmyelinated fibers, lo-
cated in the internal granular layer of layer IV and internal pyramidal
layer of layer V. The laminar profiles extracted from the myelin stained
samples did not show a clear demarcation of the two lines of Baillarger.
This could be explained by variations inmyelin density across the occip-
ital lobe. Histological studies of myelin density across the occipital lobe
have shown that myelin distribution and appearance differs between
different portions of the samples, and the separate lines of Baillarger
(inner and outer) could be identified in some, but not all locations of
extra-calcarine areas (Annese et al., 2004; Lungwitz, 1937). For example
Annese et al. (2004) studied myelin stains of visual cortex, deriving av-
erage intensity profiles for early visual areas. Their data show a clear
stria of Gennari in primary visual cortex and a lack of separation be-
tween the lines of Baillarger in secondary visual cortex (V2). An extra-
calcarine area known for its high myelination is area V3, (Van Essen
et al., 1986). In this particular location, it has been shown that the
inner and the outer lines of Baillarger are merged, making the distinc-
tion between the two impossible. The location of the dorsal portion of
this area with respect to the calcarine cortex is compatible with the
extra-calcarine area analyzed from the in vivo data of the occipital
T1-w scan.
es for one participant (P2, data from the other 4 participants can be found in Fracasso et al.,
nd around the middle of cortical thickness is visible. Green lines mark a corresponding
misphere and from posterior to anterior locations.

http://freesurfer.net


Fig. 9. In vivo whole-brain T1-w data for one participant (P2). Columns correspond to the occipital (A), parietal (B), and frontal (C) lobes as marked by the vertical red line in the sagittal
view. Profiles are taken from similar locations in the left and right hemispheres (exemplar locations aremarkedwith red arrows on the corresponding coronal slices). Laminar profiles are
reported from the GM/WM border (0 on the x-axis) to the GM/CSF surface (1 on the x-axis) for each location. Error bars indicate standard deviation over all profiles for each location,
vertical red lines in graphs represent median and bootstrapped 95% CI of hypo-intense band location. an hypo-intense band in T1-w intensity located around the middle of cortical
thickness was identified for all locations (red dashed lines in graphs).
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Fig. 10. Panel A, In vivo whole-brain T1-w data, example coronal view. Black and white dotted lines delineate control locations where intensity profiles were extracted inside WM until
reaching GM. Red arrows point to locations where a hypo-intense band around the middle of cortical thickness is visible. Row B, T1-w intensity profiles taken from theWM towards the
GMborder, as depicted in black andwhite dotted lines in panel A. Row C T1-w intensity profiles taken from the GM towards the CSF border. Error bars indicate standard deviation over all
profiles for each location. Sampling intensity profiles insideWMdoes not yield a similar pattern as that we observe inside GM. A T1-w hypo-intense bandwas detected on two out of four
derived profiles (see profiles in Row B, with and without solid red vertical lines, indicating the presence or absence of a stable T1-w hypo-intense band along the profile). Analysis show
that, when present, a hypo-intense band in profile intensity insideWM is about 70% smaller than the one we observe inside GM. If the hypo-intense band that we observe inside GM (see
Row C, solid red lines) was due only to Gibbs ringing, then it would manifest on either side of the high contrast GM border, hence inside GM and inside WM, but this is not the case.
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We reliably identified a T1-w hypo-intense band located in themid-
dle of the cortical thickness that extended beyond primary visual cortex
in both ex vivo and in vivo images. For extra-calcarine locations of the
brain, we propose that this structure likely represents the lines of
Baillarger (Baillarger, 1840). The two lines of Baillarger could not be
separated into the distinctive components. This could be ascribed to a
variation in the appearance of the lines of Baillarger in different portions
of the occipital lobe (Annese et al., 2004) or that the two lines cannot be
separated at the available acquisition resolutions (ex vivo: 0.4 mm iso-
tropic; in vivo: 0.5 mm isotropic).

It is important to remark that the presence and the type of myelin fi-
bers within gray matter formed the basis for the distinctions of qualita-
tive myeloarchitectonics proposed by Vogt (1903; for a recent review,
see Geyer and Turner, 2013; Nieuwenhuys, 2013) who describedmulti-
ple different types of fiber organization in the gray matter. The maps
from the Vogt school are based on the combination between the ap-
pearance of myelination tangential to the cortical surface (such as the
lines of Baillarger), and the myelination radial to cortical surface
(Nieuwenhuys, 2013). At the present time, with the resolution available
with in vivo MRI, the myelinated fibers extending radially from white
matter to gray matter are not directly visible, though the presence of
these features might be related to T1-w signal intensity close to the
WM border and clustering approaches may help in extracting these
type of features (DeMartino et al., 2015). However, being able to detect
the lines of Baillarger is a first step towards applying the principles of
myeloarchitectonics, in vivo, in humans.

Limitations: in vivo data acquisition, motion artifacts and Gibbs ringing

The hypo-intense band located in the middle of cortical thickness
(the putative lines of Baillarger) was detected in participants that
were familiar with the MRI environment, resulting in minimal motion
artifacts. Motion poses a lower limit on the level of detail that can be re-
solved with high resolution imaging. The use of modern techniques
such as prospective motion correction (Qin et al., 2009) to minimize
motion artifacts, should help reduce this problem, which constitutes a
clear burden, especially for the clinical usage of sub-millimeter resolu-
tion MRI.

The Gibbs artifact is usually present where high contrast transitions
occur in the image and consists of multiple, parallel bands of alternating
bright and dark signal extending from the high contrast border. This
particular artifact is caused by k-space truncation. The hypo-intense
band that we observe could be partially affected by such an artifact,
since it is located closely to a high contrast transition between GM and
WM, and GM and CSF.

The hypo-intense band in gray matter did not appear to be coupled
with other parallel bands. Instead, a single uniform signal appeared to
be present, on coronal, axial, and sagittal slices for the occipital scans



Fig. 11. Panel A, Coronal slices from the T1-wdata thatwas acquired at 0.6mm. Panel B, Coronal slice from the T1-wdata acquired at 0.5mm for the same participant (similar slice location
as in panel A). Row C: T1-w intensity profiles derived at 0.6 mm isotropic. RowD: T1-w intensity profiles derived at 0.5mm isotropic from similar locations as row C. Red arrows point to
locationswhere the profileswere extracted. Neither the locationwith respect to cortical thickness nor the amplitude of the T1-whypo-intense banddiffered between the profiles obtained
for the two acquisitions (paired samples t-test, t(7) = 0.04, p N 0.05 and t(7) = 1.85, p N 0.05, respectively). Profiles are very similar for the two acquisitions. If truncation artifacts were
affecting the results in the analyzed locations, we would expect the intra-cortical feature to shift position by changing the acquisition resolution.
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(see Fig. 5C and Fracasso et al., 2016, Figures 2–5) and whole-brain
scans (see Fig. 8 and Fracasso et al., 2016, Figures 6–15). This pattern
is not consistent with the Gibbs artifact.

The Gibbs artifact would manifest on either side of a high contrast
border (inside GM but and also insideWM). Sampling intensity profiles
inside WM did not yield a consistent hypo-intense band as that we ob-
served insideGM(Fig. 10). Analysis showed that, whenpresent, the am-
plitude of the hypo-intense band in the profile intensity insideWMwas
about 70% smaller than what was observed inside GM (Fig. 10).

The samewhole-brain sequencewas used to acquire additional data
for two participants with a different resolution (0.6 mm, isotropic) with
all other parameters being the same. The profiles derived from the same
locations were virtually indistinguishable from those derived at 0.5mm
(Fig. 11). If truncation artifactswere affecting the resultswewould have
expected the hypo-intense band to shift position by changing the acqui-
sition resolution.
To summarize, the Gibbs artifact is a serious concern for laminar
MRI, given the presence of high contrast borders in the close proximity
of GM, but it is very unlikely that the hypo-intense band that we report
in this manuscript reflects only the contribution of Gibbs ringing inside
GM.

Myelin and iron content

T1-w contrast broadly reflects differences in lipid concentration
(Koenig, 1991) that are tied to myelin, but is also strongly influenced
by iron content (Fukunaga et al., 2010; Stueber et al., 2014). Iron content
strongly contributes to the contrast observed in T2*-w images as well.
One of the main origins of T2*-w contrast is the magnetic susceptibility
of lipid molecules, especially those containing iron, such as ferritin
(Duyn, 2011; Duyn et al., 2007). These molecules are present in partic-
ularly high concentration especially in theblood aswell aswhitematter,



174 A. Fracasso et al. / NeuroImage 133 (2016) 163–175
in correspondencewith themyelin sheet that surrounds the axons to fa-
cilitate the propagation of impulses along their length. Thus it is likely
that our T1-w contrast reflects a combination of iron and myelin local-
ized in the gray matter.

T2*-w signal amplitude and phase

T2*-w profiles did not show a consistent hypo-intense band in T1-w
images around themiddle of the cortical thickness on extra-calcarine lo-
cations for the ex vivo sample.We limited our profile analysis to the am-
plitude of the T2*-w signal. It has been shown that, at high magnetic
field strength, the phase of the T2*-w signal shows dramatic improve-
ments in SNR (Duyn et al., 2007). It is thus possible that the phase of
the T2*-w signal would be more sensitive to laminar myelin variations
than the amplitude alone. For this reason we cannot exclude that T2*-
w images might show a significant hypo-intense band, located around
themiddle of the cortical thickness outside the calcarine cortex, for pro-
files obtained using the phase of the T2*-w signal.

Quantitative imaging

Here we adapted a T1-w MPRAGE sequence to visualize the lines of
Baillarger, thus report T1-w intensity profiles. The sequence could be
expanded to include additional readouts with different TIs, for instance
similar to a T1-w MP2RAGE (Marques and Gruetter, 2013) to allow for
quantitative T1 estimation (Stueber et al., 2014; Dinse et al., 2015).
Quantitative T1 imaging can be beneficial when comparing across sub-
jects and different scanners, as it is less susceptible to B1 and receive
field inhomogeneities. We show, however, that the ability to visualize
the lines of Baillarger does not depend on quantitative imaging. Using
this sequence, we observe a robust hypo-intense band around the mid-
dle of the cortical thickness for both calcarine and extra-calcarine areas
of the cortex. The amplitude of the hypo-intense band was larger in the
calcarine than on extra-calcarine locations (μ = 13.4% σ = ±3.9 and
μ= 9.1%, σ=±5.5, respectively), as could be expected from histology
literature (Geyer and Turner, 2013; Nieuwenhuys, 2013). Another in-
teresting observation is the clear reversed contrast at the level of the
CSF (see Figs. 5,6 and 8) which may provide a better way to define the
pial boundary for automatic segmentation algorithms.

Conclusions

In the present study, we showed very high spatial resolution T1-w
images of ex vivo and in vivo data at 7 T. A hypo-intense band located
in the middle of the cortex was identified in calcarine cortex as well as
in extra-calcarine areas on T1-w intensity profiles. This structure was
found in cortical areas well outside the calcarine cortex, for example
frontal cortex, a region typically not associated with increased
myelination. We suggest that this structure represents the two lines of
Baillarger. We show that it is possible to identify well-defined hypo-
intense bands, inside GM, not only within primary visual cortex (stria
of Gennari) but also outside the calcarine cortex in parietal and frontal
lobes.
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