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Brodmann divided the neocortex into 47 different cortical areas based on histological differences in laminar mye-
loarchitectonic and cytoarchitectonic defined structure. The ability to do so in vivo with anatomical magnetic

resonance (MR) methods in awake subjects would be extremely advantageous for many functional studies. :

However, due to the limitations of spatial resolution and contrast, this has been difficult to achieve in awake
subjects. Here, we report that by using a combination of MR microscopy and novel contrast effects, cortical layers

can be delineated in the visual cortex of awake subjects (nonhuman primates) at 4.7 T. We obtained data from :
30-min acquisitions at voxel size of 62.5x 62.5x 1000 um? (4 nl). Both the phase and magnitude components :

of the T,*-weighted image were used to generate laminar profiles which are believed to reflect variations in
myelin and local cell density content across cortical depth. Based on this, we were able to identify six layers char-
acteristic of the striate cortex (V1). These were the stripe of Kaes-Bechterew (in layer II/IIl), the stripe of Gennari
(in layer V), the inner band of Baillarger (in layer V), as well as three sub-layers within layer IV (IVa, IVb, and
IVc). Furthermore, we found that the laminar structure of two extrastriate visual cortex (V2, V4) can also be
detected. Following the tradition of Brodmann, this significant improvement in cortical laminar visualization
should make it possible to discriminate cortical regions in awake subjects corresponding to differences in

myeloarchitecture and cytoarchitecture.

© 2011 Published by Elsevier Inc.

Introduction

The discovery of the stripe of Gennari (Gennari, 1782) in fresh visual
cortical tissue was the first indication of lamination in the cerebral
cortex. Over a century later, this lamination was formalized by
Brodmann who divided the cortex of non-human primates into six
layers (Brodmann, 1905) and, on the basis of distinct cytoarchitectural
profiles (cell density, type, and size revealed by Nissl stains), delineated
43 separate areas in human neocortex (Brodmann, 1909). Cortical areas
defined in this way have been found to correlate with specific functional
specializations as determined by functional imaging in human subjects
(Bridge et al,, 2005; Geyer et al,, 2011; Hinds et al., 2008; Sigalovsky
et al, 2006) as well as electrophysiological and imaging in non-
human primates.

A second way of differentiating cortical areas and layers is based on
the pattern of myelinated fibers or myeloarchitectonic analysis (Braak,
1980). One well known myeloarchitectonic landmark is the stripe of

* Corresponding author at: Department of Psychology, Vanderbilt University, 301
Wilson Hall, 111 21st Avenue South, Nashville, TN 37203, USA. Fax: +1 615 343 8449.
E-mail address: Anna.Roe@vanderbilt.edu (A.W. Roe).

1053-8119/$ - see front matter © 2011 Published by Elsevier Inc.
doi:10.1016/j.neuroimage.2011.10.079

Gennari, a 280 um thick (von Economo and Koskinas, 1929) myelin-
dense band, actually visible to the naked eye, located in the middle of
gray matter within the striate cortex (V1) (Valverde, 1985). This myelin
dense layer, which varies in thickness across cortical areas, is actually
found in all parts of the cortex (Baillarger, 1840) and has been used to
identify over thirty areas (Smith, 1907). Cortical layers and boundaries
of cortical areas defined by detailed myeloarchitectonic analysis have
coincided closely with those of Brodmann's cytoarchitectonic layers
and areas (Nieuwenhuys et al., 2008; Vogt and Vogt, 1919, 1954).
With advances in magnetic resonance (MR) imaging techniques, it is
possible to reveal detailed structural features in living subjects based on
variations in their intrinsic magnetic resonance properties such as
proton density and relaxation times. High resolution MR studies in
humans have succeeded at detecting the stripe of Gennari at 1.5T
(Clark et al.,, 1992; Eickhoff et al., 2005; Walters et al.,, 2003). However,
due to the usual relatively low ratio between the in-plane resolution
and the width of the stripe of Gennari, partial volume effects lead to a
stripe with patchy appearance and fuzzy borders. The spatial resolution
in MR imaging is limited by multiple factors including the signal and con-
trast to noise ratios and the gradient strengths used (Callaghan et al,
1994). The signal per voxel decreases linearly with the reduction of
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voxel volume but increases with magnetic field strength, and decreases
with coil size and signal bandwidth (Mansfield and Morris, 1982).
Therefore, MR images can have similar signal to noise ratio (SNR) at
higher spatial resolution in higher magnetic fields by using smaller coils.
The ability to detect the stripe of Gennari generally improves with
improved in-plane resolution (Barbier et al,, 2002; Bridge et al., 2005;
Carmichael et al, 2006) and by using thinner slices (Trampel et al,
2011; Turner et al., 2008), partly because this reduces the effects of partial
volume averaging. Moreover, several groups have suggested that some
contrast mechanisms (e.g. magnitude and phase changes in T,*-weighted
imaging) are more favorable at high field than conventional MR contrasts
(e.g. Ty and T,) and are more able to separate gray matter and white mat-
ter (Abduljalil et al., 2003; Duyn et al., 2007; Haacke et al.,, 2004).

Recent studies show that MR imaging in vivo can achieve spatial
resolutions of better than 100 um and that MR images acquired at such
resolution in living animals can differentiate multiple cortical layers in
mice (Boretius et al., 2009); moreover, additional myelinated structures
outside the stripe of Gennari can apparently be detected within V1 of
non-human primates (Goense and Logothetis, 2006; Goense et al,
2007). However, high resolution MR imaging at 100x 100 um? in-plane
resolution (or higher) has thus far been achieved primarily in anesthe-
tized subjects. Compared with scanning in anesthetized subjects, the
two main challenges facing improved spatial resolution in awake subjects
are head-related motion blurring and the relatively short scan time. A
combination of extensive training, specially designed training paradigms,
and customized head-fixation may help overcome these problems (Chen
et al., 2011). Here, we demonstrate the ability to reveal fine brain micro-
structure beyond the stripe of Gennari by high spatial resolution MR
methods in awake behaving non-human primates at 4.7 T, a method we
term ‘MR microscopy’ (Benveniste and Blackband, 2002). This will be
the basis for addressing the correlation between cortical layers as well
as laminar specific functional activation in awake subjects (Geyer et al.,
2011; Trampel et al,, 2011) and will be a useful approach for distinguish-
ing cortical areas in such studies.

Material and methods
MR imaging data acquisition

MR images were acquired using a Varian 4.7 T vertical MR scanner
(Varian Inc., Palo Alto, CA) with a 2-cm surface coil. Our results are
obtained from two Macaque monkeys (Macaca mulatta) scanned on
multiple sessions. All procedures conformed to the guidelines of the Na-
tional Institute of Health and were approved by the Institutional Animal
Care and Use Committee of Vanderbilt University. Before imaging, ani-
mals were implanted with MR-compatible headposts under general an-
esthesia (1-2% isoflurane). Monkeys were then placed in the vertical
bore and trained to perform a continuous fixation task with fluid re-
ward every 20 s throughout the scan. T,*-weighted gradient-echo im-
ages were acquired (repetition time =200 to 350 ms, flip angle =30°
to 45°, echo time = 12 to 40 ms, in-plane resolution = 62.5x 62.5 um?
to 250x 250 um?). Each scanning session consisted of up to five 30-
min high resolution anatomical runs.

Data analysis

Images were reconstructed and analyzed using Matlab (Mathworks,
Natric, MA) without zero filling and spatial filtering. The real (r) and
imaginary (i) components of complex MR signals were used to calculate
the magnitude (M) and phase maps (P) as following:

M= Vr?+i? (1)
P = arctan <%> (2)

Phase maps were corrected for macroscopic magnetic field varia-
tions, which were estimated by an eight-order 2D polynomial function
after phase unwrapping (Duyn et al., 2007; Yao et al., 2009).

Relatively flat regions of interest were selected (Supplementary Fig.
1A). The outer (dura/gray matter boundary) and inner borders (white/
gray matter boundary) of a cortical area were determined by manual
segmentation. The distances of each voxel in the ROI to the outer
(Supplementary Fig. 1B) and inner borders (Supplementary Fig. 1C)
were calculated using a minimum distance algorithm (Schleicher
et al., 2000). The cortical thickness was defined as the sum of distances
to outer and inner borders. To compensate for variations in cortical
thickness, cortical depth (Supplementary Fig. 1D) is normalized as
follows:

_ DIStanceOuter border
DlStanceOuter border + DlSt&l’lCElmer border

Cortical Depth(%) x 100 (3)

Profiles of cell body and myelin density in V1 were interpreted based
on the literature (Billings-Gagliardi et al., 1974; Brodmann, 1905; Peters
and Sethares, 1996). The histological sections were smoothed mildly by
a moving average filter with span of 5% of the cortical depth. All profiles
were z-normalized to account for the difference among modalities
(Boretius et al., 2009; Eickhoff et al., 2005). Areal borders between
visual cortical areas were based on published atlases (Saleem and
Logothetis, 2007).

The relative displacement between two structural images was
estimated by an in-plane rigid body model. The index of motion
Displacement was calculated from the obtained translational move-
ments Tran, and Tran,:

Displacement = /Tran + Tran (4)

The contrast-to-noise ratio between gray matter (GM) and white
matter (WM) was calculated as the signal difference between GM and
WM divided by the noise in the background.

Results

Effect of imaging parameters on contrast and quality of high resolution
images

The in-plane sizes of voxels used in this study are summarized in
Fig. 1A. The smallest voxel we employed was an in-plane size of
62.5%62.5 um? (red square), which is 0.04% and 0.25% of the in-plane
voxel size used in most human (3000 x 3000 um?, white square) and
awake non-human primate (1250 x 1250 um?, gray square) functional
MR imaging studies. This small size increases our ability to reveal fine
anatomical structures. The T,*-weighted magnitude images of a sagittal
slice in an awake monkey at different in-plane resolutions with the
same slice thickness of 2 mm are shown in Figs. 1B-D. These anatomical
runs were collected in the same session and lasted up to 15 min. At in-
plane voxel size of 250x 250 um? (Fig. 1B), the gray matter and white
matter can be discriminated. In Fig. 1C, the stripe of Gennari (yellow
arrow), which is about 200 pm thick in monkey V1, is detectable in
the middle of gray matter at in-plane resolution of 125x 125 um?. By
further increasing the spatial resolution to 62.5x62.5 um? (Fig. 1D),
small intracortical veins (orange arrows) within the gray matter are dis-
tinguishable. Dura and pial veins can be seen at the surface of some cor-
tical areas.

To further improve the quality of the structural image, we oriented
the imaging plane perpendicular to the cortical surface and used a
slice thickness of 1 mm (Trampel et al., 2011; Turner et al., 2008) to
minimize any partial volume effect. Fig. 2A shows the averaged results
of three 30-min runs with adjusted slice parameters. The dura (yellow
line in Fig. 2B) and pial veins (red dots) can be clearly detected at the
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Fig. 1. Influence of in-plane resolution on image quality. (A) The relative in-plane size of
voxels used in this and other MR imaging studies. (B-D) The T,*-weighted images
(slice thickness 2 mm) from the visual cortex of an awake monkey as a function of in-
plane resolution. The in-plane resolutions are 250x 250 um?, 125x125um?, and
62.5x62.5 um? for (B), (C), and (D), respectively. The stripe of Gennari (yellow arrow in
C) and cortical veins (orange arrows in D) are detectable. Scale bar in (B): 5 mm. d, dorsal;
a,anterior. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

cortical surface. Principal veins (orange lines), which run through the
gray matter (Duvernoy et al, 1981), had lower signals and higher
contrast than those in the thicker slice shown in Fig. 1D. The contrast
between gray matter (GM) and white matter (WM) regions was high
in most cortical areas. Due to the use of a 2-cm surface coil for both
transmission and reception, the sensitivity of MR signal decreases
with distance to the coil. In Fig. 2C, we plotted the GM-WM contrast-
to-noise ratio (CNR) against the cortical depth. As expected, the CNRs
were the greatest at the cortical surface (around 20:1) and gradually
decreased with depth. Even in cortical areas located 2 mm from the
surface, the CNRs were about 10:1, a ratio still sufficient for clearly
discriminating GM from WM.

The other important parameter to consider is the echo time (TE), the
delay between the RF excitation and data acquisition, used in the
gradient-echo sequence. The optimal contrast between GM and WM

is usually achieved when a TE between T,* values of GM and WM is
used. To determine the optimal TE for best contrast within GM, we test-
ed TE values of 20, 30, and 35 ms. We plot the z-normalized profiles of
magnitude (Fig. 3A) and phase (Fig. 3B) acquired at these three TEs
against the cortical depth. The magnitude profile obtained with the
shortest TE (20 ms, red line) has two dips, at about 25% and 50% cortical
depth (Fig. 3A). Dips are also observed at TEs of 30 ms (green line) and
35 ms (blue line). The shapes of these three magnitude profiles are very
similar. In contrast, the phase profiles differ as a function of TE (Fig. 3B).
At superficial depths (<50% cortical depth) the phase tends to be great-
est for 35 ms TE, smaller for 30 ms TE, and smallest for 20 ms TE, while
at greater depths (e.g. >50% cortical depth) the phase is greatest for
20 ms TE, less for 30 ms TE, and least for 35 ms TE. We relate these
depth-related differences in TE profile to laminar divisions within the
neocortex: the supragranular, granular, and infragranular layers
(roughly 0-33%, 33-66%, and 66-100% cortical depth, respectively).
These three anatomically defined laminar divisions are defined based
on relative location to granular layer IV and each occupies roughly
one-third of the cortical depth. All three phase profiles had a peak with-
in the granular layer. Such peak in the middle of the gray matter is the
only one for the profile of 20 ms TE (red line). No clear peak could be
found within either supragranular or infragranular layers. When the
TEs are lengthened to 30 ms (green line) and 35 ms (blue line), the con-
trasts between the supragranular and the granular layers decreased and
the contrasts between the granular and infragranular layers increased.
At a TE of 30 ms, we found these two contrasts were almost the same
and that, in addition to the one in the granular layer, there were two ad-
ditional peaks within the supragranular and infragranular layers. Thus,
at TE of 30 ms, we find balanced contrasts between the supragranular
and infragranular layers and therefore maximal structural contrast
within GM; this TE value is close to the T,* value of gray matter previ-
ously reported at 4.7 T (Pfeuffer et al., 2004).

Influence of head motion on image quality of MR microscopy in awake

subjects

A major challenge in MR microscopy (Benveniste and Blackband,
2002) and high resolution structural imaging in awake subjects
(Duyn, 2010) is the problem of subtle head motion. We have previously
shown that, with proper training paradigms and customized head fixa-

tion, head displacements of awake monkeys can be limited to less than ¢

100 um (Chen et al.,, 2011; Lu et al., 2010; Tanigawa et al,, 2010). Here,
we examined whether the high resolution structural images collected
in behaving monkeys with in-plane resolution of 100x 100 um? or
higher were contaminated by head motion.

Fig. 4A shows the magnitude map from a 30-min anatomical run,
which had an in-plane resolution of 100x 100 um? and thickness of
1 mm from an awake monkey. Although the duration of the scan was

()

n
o

o

0 1 2
Cortical depth (mm)

GM-WM contrast-to-noise ratio
S

Fig. 2. High resolution structural image in the awake monkey V1. (A) A high resolution structural image with in-plane resolution of 62.5 x 62.5 um? and slice thickness of 1 mm shows fine
anatomical structures of V1. The slice is oriented perpendicular to the cortical surface. The gray and white matter are clearly separable, and the stripe of Gennari (red arrow) can be seen in
the middle of gray matter. (B) Illustration of anatomical structures. Skin and dura are marked as purple and yellow lines, respectively. Pial veins are indicated by red dots, and principal
veins running through the gray matter are shown as orange lines. WM, white matter. GM, gray matter. Scale bar in (A): 5 mm. (C) The contrast-to-noise ratio between the gray matter and
white matter plotted against the cortical depth. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Cortical depth profiles of T,*-weighted images are a function of echo time (TE). The
magnitude (A) and the phase (B) profiles of T,*-weighted images. The average profiles at
different echo time of 20 ms, 30 ms, and 35 ms are marked as red, green, and blue lines.
Profiles are z-normalized and plotted against the distance from the cortical surface in per-
cent of cortical depth for a better comparison. (For interpretation of the references to col-
our in this figure legend, the reader is referred to the web version of this article.)

one-third of the one presented in Fig. 2A, the GM-WM CNRs were suffi-
cient to discriminate GM from WM. Dura (location of yellow line in
Fig. 2B) could be clearly distinguished from the cortex. Draining veins
on the cortical surface (gray arrows) and within lunate sulcus (black ar-
rows) contain high concentration of deoxygenated hemoglobin, which
are seen as dark spots in the T,*-weighted image. If there were serious
motion blur, images of principal veins, which have an average diameter
0f 80-120 um (Duvernoy et al., 1981), would be wider and harder to de-
tect. This was not the case. Several principal veins (white arrows),
whose diameters were about 100 um, were detected within the gray
matter. A second run (Fig. 4B) acquired one hour later had the same du-
ration, in-plane resolution, and thickness. All anatomical structures
marked in Fig. 4A can be found, including the pial veins (gray arrows)
and deep draining veins (black arrows). In this second run, principal
veins (white arrows) were located at the same location and had similar
diameter, indicating the average head motion between two runs is ef-
fectively well under 100 pum.

A rigid body registration between the images shown in Figs. 4A and
B confirms this impression. The net displacement along the x-axis and
y-axis were estimated to be 16 um and 40 pm, respectively. Both dis-
placements were less than half of the in-plane voxel size
(100x 100 um?). As shown in Fig. 4C, in well trained animals, we
found only subtle head motion across anatomical runs (each run lasting
30 min). As seen in the distribution of relative displacement between
runs, the average displacement was 24432 um (mean4SD). The
majority of displacements (>90%) were smaller than 50 um. Those
larger than 100 pm comprised less than 4%. As the influence of head

movement within a session was small compared with the voxel size,
runs acquired in the same session can be averaged without significant
loss of structural detail.

The small head displacements between runs from the same session
(Fig. 4C) permitted temporal averaging of runs and provided improved
image quality without reduction in resolution. We obtained good repro-
ducible profiles from multiple runs within a session (Figs. 4A and B) and
even from sessions acquired two weeks apart (Figs. 5A and B). Main an-
atomical markers in Fig. 5A, including pial veins (gray arrows), principal
veins on the cortical surface (white arrow) and within the lunate sulcus
(black arrow), and draining veins (white and gray stars) were repeated-
ly detected (Fig. 5B).

Laminar structure in V1 revealed by magnitude and phase maps

The signal-to-noise ratio of the acquired data increases with the
square root of the imaging time, so we attempted to maximize the
duration of each run and the number of runs. In a well trained monkey,
we are able to collect up to five 30-min runs from a single session. Data
from such a two and a half hour session are shown in Fig. 6: the
averaged magnitude (Fig. 6A) and phase (Fig. 6B) maps from a session
using the optimal TE of 30 ms, thickness of 1 mm, voxel volume of
10nl (100x100 um? in-plane), and flip angle of 30° are shown.
Comparison of the map in Fig. 6A (2.5-h run) with that in Fig. 4A
(30 min run) reveals that the SNR of the magnitude map was signifi-
cantly improved. Not only are GM and WM readily distinguished, but
two bands can be detected in the middle of the gray matter: one band
which corresponds with the stripe of Gennari (black arrow) and anoth-
er between the first band and the outer border of the GM (white arrow).
Examination of the z-normalized magnitude profile with the cortical
depth further supports the existence of additional fine structure within
the GM (Fig. 6C, black line: average of five runs, circles: individual runs).
There are two dips in this profile located at approximately 20% (white
arrow) and 60% cortical depth (black arrow) which correspond to the
two dark bands seen in Fig. 6A. Note that variations between different
runs were small.

Variations with laminar depth were also observed in phase maps.
Variations in phase in Ty*-weighted images has been reported to be
related to the density of ferritin, which co-localizes with myelin in V1
(Fukunaga et al,, 2010). Fig. 6B presents the results based on phase
data. Phase information from areas outside the cortex and cortical
regions with low SNR exhibit large variations (Duyn et al., 2007). The
cortical area within V1 shows relatively smooth variations after the
phase unwrapping and polynomial fitting procedures (see Experimen-
tal Procedures). In the middle of the gray matter in V1, a bright band
(white arrow) 200 to 300 um in width is seen, likely indicating a band
of high myelin density corresponding to layer IVb (the stripe of
Gennari). A second bright band (black arrow) can be detected between
the first bright band and the GM-WM border with a thickness of 100 to

% C
6of [ ]
40
20
0 A/ —
0 75 150 >200

Displacement (um)

Fig. 4. Reproducibility of structural images within a session. (A and B) Structural images collected in two runs (30 min each) that were 1 h apart (slice thickness, 1 mm; in-plane
resolution, 100 x 100 um?). The locations of the pial veins (black and gray arrows) and principal veins within gray matter (white arrows) are the same. Scale bar: 5 mm. (C) The
distribution of relative displacement between runs in the duration of 30 min (the length of a typical run).
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Fig. 5. Reproducibility of structural images between sessions. Structural images of V1 from
the same awake monkey collected in two sessions that were 2 weeks apart are shown.
(A) The in-plane voxel size was 62.5x62.5um? and the thickness was 1 mm. (B) In-
plane spatial resolution of 100x 100 um? and a thickness of 1 mm. The location and
shape of the pial veins within the lunate sulcus (white and gray stars) and on the cortical
surface (gray arrows) are almost the same. The repeatable detection of principal veins
within gray matter (gray and white arrows) further supports that the high resolution
structural images from different sessions are highly reproducible. Scale bar: 5 mm.

200 pum. When plotted with respect to laminar depth, the phase profile
(Fig. 6D) reveals two peaks (vertical white and black arrows). Again,
phase values are fairly consistent across runs (black line: mean, circles:
individual runs). A small third peak can also be seen at 20% cortical
depth (gray arrow). Given these relative depths, we suggest these
three bands correspond, respectively, to the stripe of Kaes-Bechterew
(layer II/IIT) (gray arrow), the stripe of Gennari (white arrow) and the
inner band of Baillarger (black arrow).

We observed similar laminar profiles within GM of V1 across slices
obtained in all experiments. The mean magnitude profile (Fig. 7A) and
phase profile (Fig. 7B) from all slices illustrates the consistency of
these laminar profiles within gray matter. Previous studies have sug-
gested that both magnitude and phase profiles reflect myelin density
(Boretius et al., 2009; Duyn et al., 2007; Fukunaga et al.,, 2010), while
the cell density may contribute mainly to the magnitude profile
(Boretius et al, 2009). By combining the fluctuations indicated by
these two profiles, we are able to infer laminar positions consistent
with histologically determined cellular and myelin profiles. Based on

the magnitude profile, the two observed dips at around 60% and 90%
cortical depth (Fig. 7A, green arrowheads) are consistent with the loca-
tion of the two high cellular and myelin density layers, layer IVc and

layer VI (Fig. 7F, blue arrowheads, based on (Billings-Gagliardi et al., :
1974; Brodmann, 1905), replicated in Supplementary Fig. 2A). Based :

on the phase profile, the three observed local peaks at around 20%,

50%, and 80% cortical depth (Fig. 7B, red arrowheads) overlap with :

the location of highly myelinated bands, layers II/Ill, IVb, and V

(Fig. 7E, pink arrowheads, based on (Peters and Sethares, 1996), repli- :

cated in Supplementary Fig. 2B). From these combined profiles, layers
I and IVa can be inferred (Figs. 7C and D). Thus overall, seven laminated
structures in V1, including 3 within layer 1V, can be identified (I, II/III,
IVa, IVb, IVc, V, and VI). As illustrated in Figs. 7C and D, lamina distinc-

tion from the MR microscopy approach (Fig. 7C) reveals a laminar :

profile very similar to that obtained from cytoarchitectonic and mye-
loarchitectonic approaches (Fig. 7D).

Identification of cortical lamination in extrastriate visual cortex

In addition to the striate cortex (V1), we also examined the laminar
structure of two extrastriate visual cortex, V2 and V4, using MR micros-
copy. Both cortical areas have distinct myeloarchitectonic structure
compared with V1. V2 has a relatively homogeneous and broad band
of fibers between layer IV and layer IV (Gattass et al,, 1981). In contrast,
both the inner and outer bands of Baillarger in V4 are recognizable
(Gattass et al., 1988). A direct histological comparison of myelin stain-
ing from these three cortical areas can be found in (Gattass et al.,
1988) and is replicated as the Supplementary Fig. 3.

A MR image covering both V1 and V2 is shown in Fig. 8A. The relative :

position of the surface coil on the head and parameters used in the scan-
ning were similar as those in Fig. 6 except that the flip angle was in-
creased from 30° to 45° to improve the SNR of MR signals from V2. A
dark band (pink arrow) can be detected in the middle of V2 from the

magnitude map (Fig. 8A). Its relative cortical depth is same as the stripe :

of Gennari in V1 (white arrow) but with less contrast relative to gray

matter. In the phase map (Fig. 8B), one broad bright band (pink :

arrow) is seen within V2, while there are two bright bands in V1

+1 rad
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2 2
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0 25 50 75 100 0 25 50 75 100

Cortical depth (%)

Cortical depth (%)

Fig. 6. Cortical profiles of magnitude and phase in V1. The magnitude (A) and phase (B) images of averaged results from five 30-min runs of a slice over V1 (slice thickness, 1 mm;
in-plane resolution, 100 x 100 um?). The stripe of Gennari (black arrow, layer IV) can be detected in (A). An additional dark layer can be found between the cortical surface and the
layer IV (white arrow) from the magnitude map (A). From the phase map (B), a second bright layer (black arrow) exists between the layer IV (white arrow) and the white/gray
matter border. (C) and (D) show the z-normalized profiles of magnitude and phase against cortical depth. The black lines indicate the averaged results, and circles represent results
of individual runs. Locations of prominent laminar structures are indicated by arrows with the same color used in (A) and (B). A small third peak at 20% cortical depth can be

detected in the phase profile (gray arrow). Scale bar in (A): 5 mm.
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Fig. 7. Results from high resolution MRI reflect the myeloarchitecture and the cytoarchi-
tecture of V1. The averaged results of magnitude (A) with dips marked (green triangles)
from all runs and slices. The averaged results of phase profiles (B) with peaks marked
(red triangles). The gray shadings represent the 95% confidence level in (A) and (B). (C)
The laminar structure determined by MRI with peaks in phase profile (red lines) and
dips in magnitude profile (green lines) marked. The laminar structure determined by
conventional histology is shown in (D). Cell (E) and myelin densities (F) of V1 from liter-
ature are z-normalized and plotted against cortical depth with cortical areas of high 6-
myelin density marked by pink triangles and regions with high cell density marked by
blue triangles. KB: the stripe of Kaes-Bechterew. G: the stripe of Gennari. IB: the inner
band of Baillarger. The direction of y-axis of (D) and (E) is reversed for comparison.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

(white arrows). The difference between the laminar structure of V1 and
V2 is more prominent in the averaged profiles (Fig. 8E, V1, and Fig. 8F,
V2).In contrast to V1, where there is a prominent peak in the phase pro-
file near 50% and a smaller peak near 75% (Fig. 8E, green arrows), in V2
there is one broad peak (Fig. 8F, green arrow) in the phase profile (red
line) centered around 60% cortical depth (Fig. 8F). This profile matches
the description of the myeloarchitecture in V2 (Gattass et al., 1981, see
Supplementary Fig. 3).

With MR microscopy, we found that V4 has a more complicated
laminar structure than V2. As shown in Fig. 8D, two bright bands are
seen in the phase map. The broader one is located in the middle of
gray matter (red arrow), and a second bright layer (blue arrow) can
be detected between the first band and the GM-WM border. Unlike
V1 in which the deeper peak of the phase profile is stronger than the
shallower one (red line, Fig. 8E), the two peaks in V4 are similar in
size (red line, Fig. 8G). In the magnitude map (Fig. 8C), a dark layer
(black arrow) in the middle of the gray matter is seen at a depth shal-
lower (closer to the pial layer) than the stripe of Gennari.

In summary, we demonstrate that extrastriate cortical areas V2 and
V4 have distinct laminar structure that can be differentiated by MR
microscopy in awake monkeys.

Discussion
Laminar architecture in the visual cortex

The neocortex is defined by the presence of six cytoarchitectonic
layers (Billings-Gagliardi et al., 1974; Brodmann, 1905). In the striate
cortex (V1), these six layers are marked by specific characteristics. The
most superficial layer, molecular layer I, contains only few neurons. In
contrast, the external granular cell layer (layer II) contains a high densi-
ty of small pyramidal neurons as well as stellate neurons and the exter-
nal pyramidal layer (layer III) comprises somewhat larger pyramidal
cells similar in cell density to that of layer II. Within V1, the internal
granular layer IV can be further divided into a superficial portion (IVa)
containing many round cells, a cell-poor middle portion (IVb), and a
cell-rich deep portion (IVc). Below layer IVc, the internal pyramidal
cell layer (Layer V) is less dense and the deepest multiform layer VI con-
tains densely arranged spindle-shaped cells. Based on cell density,
layers I, IVb, and V are cell-poor zones while layers IVc, and VI are
cell-rich zones (blue lines in Fig. 7D and blue triangles in Fig. 7F). In
addition to cell type and density, several horizontal bands of myelina-
tion are prominent (pink lines in Fig. 7D and pink triangles in Fig. 7E)
providing a basis for myeloarchitecture. The outermost band is the
stripe of Kaes-Bechterew (Bechterew, 1891; Kaes, 1907), which is a
thin band of myelinated fibers (Fig. 7E, KB) located between layer II
and layer III (Braak, 1980). In the middle layers, the stripe of Gennari
(Figs. 6E, G) is a band of densely packed fibers, which is coincident
with layer IVb (Valverde, 1985). A third band with high myelin density
(inner band of Baillarger, IB in Fig. 7E) is located in layer V and is less
prominent and thinner than the stripe of Gennari.

Several intrinsic MR parameters, which have differential sensitivity
to cellular and myelin content, can be employed to reveal laminar archi-
tecture by MR imaging. Most high resolution MR histological studies in
awake subjects are based on T;-weighted images (Barbier et al., 2002;
Clare and Bridge, 2005; Eickhoff et al., 2005; Walters et al., 2003), an
approach which emphasizes the longitudinal relaxation process and
produces excellent contrast between gray and white matter. However,
the T; contrast within gray matter is relative low (Pfeuffer et al,
2004). At 7 T, the T, values for the stripe of Gennari were only 60 ms
shorter than the remaining gray matter layers within V1, a value
which is small compared with the variance of T, value (150 ms). There-
fore, even with long scan times, no T;-contrast based study in awake
subjects was able to use in-plane voxel sizes less than 300 x 300 um?.
With a thickness of around 300 pum (von Economo and Koskinas,
1929), the stripe of Gennari was detected as a faint line with single
pixel width.

Phase and magnitude profiles

In the present study, we used MR contrasts from both the magnitude

and phase components of T,*-weighted image with in-plane spatial 4

resolution of 100 x 100 um? or higher. The contrast in the phase compo-
nent mainly originates from differences in magnetic susceptibility
between tissues arising mainly from differences in blood, iron and my-
elin density (Duyn et al.,, 2007). In V1, cortical iron co-localizes mainly
with myelin (Fukunaga et al.,, 2010), so the variation of the phase com-

ponent in V1 reflects primarily the change of myelin density with corti- -
cal depth. In this study, the phase profile revealed three peaks at cortical 4

depths of 20%, 50%, and 80% (Fig. 7B). These depths coincide well with
the depths of cortical layers II/II, layer IVb, and layer V and, more specif-
ically, with the stripe of Kaes-Bechterew, stripe of Gennari, and the
inner band of Baillarger (compare phase profile (Fig. 7B) with myelin
profile (Fig. 7E)).

The second MR parameter we used to reveal laminar structure is -

based on the magnitude component of the T,*-weighted image. The mag-
nitude reflects variations in proton density (water content) and T,*
values, which themselves depend on macromolecular content and
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Fig. 8. MR structural images of extrastriate visual cortex. The magnitude (A) and phase (B) images of a parasagittal slice revealed V2 buried in the lunate sulcus (lus). Besides the stripe of
Gennari (white arrow) in V1, a dark layer (pink arrow) can be found in the middle of V2 from the magnitude map (A). From the phase map (B), one bright layer exists in V2 (pink arrow) in
additional to the two bright layers in V1 (white arrows). (C) and (D) An oblique slice that includes the portion of V4 that located between superior temporal sulcus (sts) and [us. Laminar
structures within V4 (black arrows) can be found both from magnitude map (C) and phase map (D). The averaged results of magnitude (black lines) and phase profiles (red lines) from
prestriate visual cortex of V1 (E), V2 (F), and V4 (G) are summarized. The peaks in phase profiles and dips in magnitude profiles are marked by green and yellow arrows, respectively. Both
images were acquired with in-plane voxel size of 100 x 100 um?, thickness of 1 mm, and flip angle of 45°. Scale bar: 2 mmin (A). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

variations in susceptibility. In our studies, using a short TR value and sur-
face coil also withdraw a T; dependent that varies with distance from the
coil. When cell density increases the water content likely decreases and
the voxel average T; and T,* values also should be reduced. Additionally,
myelin contains populations of protons that are essentially MR-invisible
at long echo times used for imaging (Horch et al., 2011). It has been sug-
gested that the contrast in T,-weighted images reflect both myelin con-
tent and cell body density (Boretius et al., 2009; Yoshiura et al., 2000),
although convincing evidence that directly links neural cell density to
MR signal is still lacking. This may explain our finding that cell-rich layers
(layers IVc, and VI) appear dark in the magnitude profile (Fig. 7A, green
triangles). As shown in Fig. 7A, the heavily myelinated, relatively cell-
sparse cortical layer IVb was visibly darker than the myelin-poor, cell-
dense layer IVa. Thus, our results are consistent with known laminar
structure and with localization of cell density and to myelination.

In principle, the physical origins of MRI contrast and the fine cortical
microstructure can be characterized more fully by quantitatively mea-
suring values of Ty, T, and T*. However, this was not done in this
study due to the limited duration of imaging sessions in awake subjects.
In the future, direct links between MRI parameter maps and their histo-
logical basis can be obtained by using more myelin-specific measure-
ments (Laule et al., 2007; Ou et al,, 2009) or in correlative ex-vivo
experiments that require sacrificing the animals, scanning the fixed

brain at very high resolution and then performing quantitative histolog-
ical analysis on corresponding slices.

Using improved in-plane resolution of 100 x 100 um? or higher, we
have successfully delineated for the first time sub-layers within layer
IV. Magnitude profiles obtained with in-plane resolution up to
240% 240 um? show a single dip in the middle of the gray matter
(Duyn et al,, 2007). In this study, by acquiring images with fivefold-
smaller volumes (58 nl vs. 10 nl), we found there were in fact two
dips in the magnitude profile. The locations of these dips were in the
middle of the gray matter, one corresponding to the highly myelinated
layer IVb and the second, about 150 um deeper than the first, corre-
sponding to the high cell dense layer IVc. An alternative explanation
to the presence of this dip is that the magnitude profile reflects relative-
ly denser vascular networks within layer IVc (Smirnakis et al., 2007;
Zheng et al., 1991), leading to relatively higher concentration of deoxy-
genated hemoglobin and shortening of T,* (Ogawa and Lee, 1990;
Schenck, 1992; Thulborn et al., 1982).

MR microscopy differentiates visual cortical areas in awake subjects
based on distinct laminar structure

In addition to V1 (striate cortex), there are more than 30 cortical
areas either dedicated to or associated with visual function in the
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macaque monkey (Felleman and Van Essen, 1991). Most of them can be
differentiated based on their myeloarchitecture. One example is shown
in Supplementary Fig. 3 from (Gattass et al., 1981). This myelin stained
slice illustrates the distinct laminar structures within striate area V1 and
extrastriate areas V2 and V4. Both V1 and V4 have two bands of Baillar-
ger.In V1, the outer one (red arrow, the stripe of Gennari) is more dense
and thicker than the inner one (green arrow). On the contrary, the outer
band (yellow arrow) has lower density of fiber compared to the inner
band in V4 (pink arrow). Furthermore, the outer band of Baillarger in
V4 is relatively broader than the stripe of Gennari. In comparison, V2
has only one relatively homogeneous fiber band between the typical
two bands of Baillarger.

As we have discussed in the section Phase and magnitude profiles,
the MR contrast of the phase component is heavily influenced by the
myelin density. Hence, based on their different myeloarchitectonic pro-
files, V1, V2, and V4, should be readily distinguished by their phase
profiles (red lines in Figs. 8E-G). Accordingly, we found that both V1
and V4 had two peaks in their phase profiles. The shallow peak is
narrower in V1 than V4, and the difference between the amplitude of
two peaks is relatively smaller in V4. As shown in Fig. 8F, the phase pro-
file of V2 has only one broad peak covering cortical depths from 40% to
80%. Therefore, the laminar information from the phase component
alone provides enough information to differentiate V1, V2, and V4.
Interestingly, there are at least two dips in magnitude profiles of V1
and V4 while only one clear dip in V2 (black lines in Figs. 8E-G). The
locations of dips are also different among the three cortical areas. Topics
of our future research will include the origins of these differences and
whether other extrastriate visual cortical areas (such as V3, MT, and
FEF) can be differentiated using MR microscopy.

Other factors

Other improvements may have contributed to the success of high
resolution imaging in awake subjects. First, to minimize partial volume
effects, we purposely used imaging planes oriented perpendicular to
the cortical surface. The shapes of the cortical surface in adjacent slices
were used to verify the extent of orthogonality between the slice and
the cortex. Thus, after proper adjustment, the long axis of a
100x 100x 1000 um> voxel was almost perfectly parallel to cortical
lamination. We found thicker slices (2 mm thick) were greatly influ-
enced by partial volume effects (e.g. Fig. 1) as suggested by previous
studies (Bridge et al., 2005; Carmichael et al., 2006), whereas thinner
slices (<1 mm thick) had relatively low SNR at the in-plane resolution
we used. One main disadvantage of our setup is that, due to the curva-
ture of the brain, the fine anatomical structures of only a limited cortical
area perpendicular to the slice can be revealed. The problem is more
serious in MR microscopy of extrastriate cortex. For example, the fine
structure of the cortex close to the V1/V2 border (Fig. 8B) and part of
V4 folded within the superior temporal sulcus (Fig. 8C) is relatively in-
distinct. To reveal the cortical layers over a larger brain area, on gyri, or
in sulci, isotropic voxels or thinner slices should be used (Trampel et al.,
2011; Turner et al., 2008); this can be achieved by increasing the in-
plane resolution. Second, our monkeys which were exceptionally
well-trained for the MR environment, performed with less than
100 pm head motion during scans (Chen et al,, 2011). This permitted
critical temporal averaging of runs and improved image quality without
reduction in resolution (Fig. 6A). Third, we optimized MR sequence pa-
rameters to improve image quality. The choice of spatial resolution is
the most important parameter for visibility of anatomical structure as
suggested in Fig. 1 and in previous studies (Boretius et al., 2009). By ac-
quiring MR images with high resolution, we eliminated the need to use
interpolation to increase the nominal spatial resolution, a method
which often introduces ringing artifacts (Clark et al., 1992; Wald et al.,
2006). The other parameter we optimized was the TE. While previous
studies showed that TE influences the phase contrast between gray
and white matter (Duyn et al., 2007), here we found the TE also

influences phase contrast within the gray matter (Fig. 3B). A prolonga-
tion of the TE improves the phase contrast between the superficial and
granular layers, although at a cost of poorer contrast between the gran-

ular and deeper layers (perhaps due to variance of T,* as function of cor- :

tical depth in V1, (Fukunaga et al., 2010). Note that, at least in V1, the
selection of TE did not have significant influence on the magnitude con-
trast (Fig. 3A).

In sum, the use of phase and magnitude profiles to infer laminar
myelination and cell density patterns improves the ability to detect de-
tailed laminar cytoarchitecture in awake subjects using high resolution
MRI. These combined improvements revealed for the first time seven
cortical layers (including the three sub-layers within layer IV) in V1 of
awake subjects. Laminae separated by as little as 150 um could be dis-
tinguished. In addition to that, we visualized two extrastriate cortical
areas with laminar structure distinct from V1. We predict that other
cortical regions may be differentiated anatomically in this way and
that such laminar signatures may be used to directly identify borders
between cortical areas in awake subjects. In combination with multi-
coil arrays (de Zwart et al.,, 2004; Goense et al,, 2010; Wiggins et al.,
2006), which cover larger areas with even better SNR and accelerated
image acquisition, it will hopefully be possible to conduct both high res-
olution anatomic and functional MR imaging within the same scanning
session. Such advances in MR methodology will provide highly needed
understanding of high spatial resolution relationships between brain
structure and function in awake subjects. Importantly, the application
of these methods for evaluation of cortical lamination changes in neuro-
degenerative disease and brain damage may lead to important break-
throughs in diagnosis and treatment.
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