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BACKGROUND AND PURPOSE: The laminar patterns displayed by MR microscopy (MRM)
form one basis for the classification of the cytoarchitectonic areas (Brodmann areas). It is
plausible that in the future MRM may depict Brodmann areas directly, and not only by
inference from gross anatomic location. Our purpose was to depict the laminar cytoarchitecture
of excised, formalin-fixed specimens of human cerebral cortex by use of 9.4-T MR and to
correlate MR images with histologic stains of the same sections.

METHODS: Formalin-fixed samples of human sensory isocortex (calcarine, Heschl’s, and
somatosensory cortices), motor isocortex (hand motor area of M1), polar isocortex (frontal
pole), allocortex (hippocampal formation), and transitional periallocortex (retrosplenial cor-
tex) were studied by MRM at 9.4 T with intermediate-weighted pulse sequences for a total
overnight acquisition time of 14 hours 17 minutes for each specimen. The same samples were
then histologically analyzed to confirm the MR identification of the cortical layers. Curves
representing the change in MR signal intensity across the cortex were generated to display the
signal intensity profiles for each type of cortex.

RESULTS: High-field-strength MR imaging at a spatial resolution of 78 � 78 � 500 �m
resolves the horizontal lamination of isocortex, allocortex, and periallocortex and displays
specific intracortical structures such as the external band of Baillarger. The signal intensity
profiles demonstrate the greatest hypointensity at the sites of maximum myelin concentration
and maximum cell density and show gradations of signal intensity inversely proportional to
varying cell density.

CONCLUSION: MRM at 9.4 T depicts important aspects of the cytoarchitecture of normal
formalin-fixed human cortex.

Prior authors have illustrated the potential for MR
imaging to display very fine anatomic detail within the
CNS. Beuls et al (1) and Vandersteen et al (2) suc-
cessfully evaluated the internal architecture of the

excised human spinal cord and medulla oblongata at
9.4 T by using a Varian superconducting magnet (Nu-
clear Magnetic Resonance Instruments, Palo Alto,
CA). Benveniste et al (3) displayed some of the layers
of the excised mouse neocortex and hippocampus at
9.4 T by using an Oxford superconducting magnet
(Oxford Instruments plc, Eynsham, Witney, Oxon,
UK) with excellent histologic correlation (Nissl stain).
Burgess et al (4) measured the thickness of the hu-
man cortex in vivo at 8 T by using a Brüker Avance
Console (Brüker Daltonics Inc., Billerica, MA) con-
nected to an 8-T, 80-cm-bore superconducting mag-
net (Magnex; Magnex Scientific Ltd, Yarnton, Oxfor-
shire, U.K). These authors reported that most of the
cortex measured approximately 2 mm in thickness,
but commented specifically (p. 853) that “. . . the
internal anatomy of the cortex cannot typically be
resolved [in vivo].” We attempted 1) to display the
laminar pattern of human cerebral cortex in formalin-
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fixed, excised specimens by using intermediate-
weighted MR pulse sequences at 9.4 T and 2) to
correlate these MR images with histologic sections of
the same specimens to identify cytoarchitecture in
normal human cortex.

Methods
Study specimens were obtained from two formalin-fixed

brains of adult human cadavers (48-year-old woman, 56-year-
old man) with no history of neurologic disease and normal
postmortem examinations. The cortical anatomy of each spec-
imen was identified by standard criteria (5–23) to select for
analysis of 1) sensory cortex (calcarine cortex [Brodmann’s
area (BA) 17]; Heschl’s gyrus [BA 41 and 42]; and somatosen-
sory cortex [BA 3, 2, 1]), 2) motor cortex (hand motor area of
M1 [BA 4]), 3) allocortex (midhippocampal formation), and 4)
transitional periallocortex (retrosplenial cortex [BA 29 and
30]). In each case, the identification made by gross anatomy
was later confirmed at histologic analysis.

Each specimen was positioned within a 1.5-cm diameter
polyethylene tube filled with Fomblin (perfluoropolyether,
Ausimont, Thorofare, NJ) that was used as a wetting and
embedding agent to prevent dehydration and to reduce suscep-
tibility artifacts at tissue margins. Where present, air bubbles
were aspirated from the interstices of the sulci with a very fine
needle and syringe. The sample was wedged in place between
two styrofoam plugs to reduce tissue vibration, and the tube
was sealed to prevent evaporation and reentry of air bubbles.

MR images were obtained on a unit (Brüker Avance System
with microimaging, Brüker Analytik, Rheinstetten, Germany)
equipped with a 9.4-T superconducting magnet with a vertical
89-mm bore and a 25-mm birdcage coil. An automated water
cooling system maintained the bore temperature below 30°C.
Pilot studies of diverse T1-, T2-, and intermediate-weighted
sequences led us to select the intermediate-weighted sequence
for cortical analysis (2400/45/100 [TR/TE/NEX]; section thick-
ness, 0.5 mm [500 �m]; field of view, 20 � 20 mm; data matrix,
256 � 256; and anti-aliasing factor, 1. This corresponded to an
in-plane resolution of 78 � 78 �m and a section thickness of
500 �m. Each sample was run overnight for a total acquisition
time of 14 hours 17 minutes. MR microscopy (MRM) data
were displayed as standard images and as computer-generated

profiles of the changing signal intensities across the cortex from
the pial surface into the subcortical arcuate U fibers.

After imaging, samples were prepared for histologic analysis
by overnight rinsing in phosphate buffered solution. Each spec-
imen was then sectioned serially on a vibrotome, at 50-�m
intervals, taking care to orient the histologic sections as nearly
parallel to the imaging plane as possible. Each 30th section was
stained for neurons by using cresyl violet, and the adjacent
section was stained for myelin by using luxol fast blue, to display
the cytoarchitecture and myelination of that specimen. The histo-
logic sections were then compared directly with the MR images of
the very same specimen, as nearly as possible, to confirm correct
imaging identification of the cortical lamination.

Results

Intermediate-weighted MRM displays the cortex as
horizontal layers of varying signal intensity. MRM
distinguishes among many of the individual layers of
the cortex, and even some sublayers, but does not
successfully show every layer and sublayer (Fig 1).

Direct correlation of the MR images with the cor-
responding Nissl and myelin stains shows that very
low signal intensity is seen in two distinctly different
settings: 1) heavily myelinated laminae, such as the
intracortical layer IVB (external band of Baillarger)
of the calcarine cortex or the subcortical arcuate U
fibers, or 2) highly cellular layers nearly devoid of
myelin, such as the granule cell layer of the dentate
gyrus.

Intermediate signal intensity of varying shades of
gray corresponds to layers with intermediate concen-
trations of cells and myelin in a complex fashion that
is currently under active investigation.

On the MRM images, the distance from the pial
surface to the arcuate U fibers defines the overall
thickness of the cortex at each site (Fig 2). The cortex
is thicker at the crowns of the gyri and thinner in the
depths of the sulci (Fig 2). The position of layer IV
within the cortex demarcates the superficial cortex

FIG 1. Homotypical polar isocortex.
A, MRM image of the frontal pole.
B, Corresponding histologic section with Nissl stain. From superficial to deep, depending on the concentration of the cells, the myelin

fiber connections, the corresponding variation in the signal intensity, and the individual layers of the cortex can be identified: I, the
molecular layer; II, the external granular layer; III, the external pyramidal layer; IV, the internal granular layer; V, the internal pyramidal
layer, which is subdivided into an outer layer, Va, and an inner layer, Vb; and VI, the multiform layer (magnification �8).
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FIG 2. Heterotypical sensory isocortex.
A–C, MRM image (A) of the calcarine cortex with corresponding Nissl (B) and Luxol Fast Blue (C) stains. The thin, prominent, sharply

defined intracortical band of low signal intensity corresponds to the highly myelinated plexus designated the external band of Baillarger
(line of Gennari) (Layer IVB) (curved arrow in A and C). The prominent granule cells (long arrow in B) seen in layer II on the Nissl stain
appear as a gray band (long arrow in A) on the MRM image. Note that the cortex is thicker at the crowns of the gyri and thinnest at the
depths of the sulci. The changing relationship of layer IVB to the underlying white matter shows that the variation in cortical thickness
results from thinning of the deep layers V and VI (magnification �5).
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(layers I, II, and III) from the deep cortex (layers V
and VI). The changing position of layer IVB within
the cortex indicates that the thinning of the cortex
within the sulci predominantly affects the deep layers.
The thickness of layer IV, the conspicuity of layer IV,
and the laminar pattern of intermediate signal inten-
sity from the cortex superficial to and deep to layer IV
help to characterize the nature of the cortex as pri-
mary motor cortex, primary sensory cortex (of diverse
types), or allocortex.

The laminar pattern of the cortex is captured, in
part, by the computer-generated profiles of the signal
intensities across each type of cortex. In these pro-
files, prominent hypointensities localize the typical
intracortical layer IV and the subcortical arcuate U
fibers. The position of the subcortical arcuate U fibers
provides one measure of the total thickness of the
cortex. The position of layer IV within the cortex
helps to characterize the thickness of the cortical
layers superficial to and deep to layer IV. The width
and depth of the downward deflections in signal in-
tensity characterize the thickness and margination of
individual cortical layers such as layer IV. These fea-
tures, and the overall shape of the signal intensity
profile, provide a first approximation to MR defini-
tion of the cytoarchitecture of normal human cortex.

Discussion
The human brain exhibits at least two types of

cortices: a six-layered neocortex that constitutes most
of the cerebral cortex, and a cytologically different
allocortex that constitutes the olfactory cortex and the
hippocampal formation (5, 11). At the borders of
these two cortices, a transitional periallocortex may
be found (5, 7, 11). Distinct patterns of cytologic
structure are found in specific portions of the brain.

Cortical Architecture: An Overview

The Neocortex: Horizontal Lamination
The neocortex exhibits six layers of cells (Fig 1),

including two granule cell layers (layers II and IV)
and two pyramidal cell layers (layers III and V) (5, 11,
23). From superficial to deep, the six layers of the
human neocortex consist of the following.

I, The Molecular Layer (Plexiform Layer). Layer I is
a sparsely cellular lamina that appears hyperintense
on the MRM image (Fig 1).

II, The External Granular Cell Layer. Layer II con-
sists primarily of closely packed granule cells that are
seen as a band of intermediate signal intensity situ-
ated just deep to the hyperintense layer I (Fig 1).

III, The External Pyramidal Cell Layer. Layer III
predominantly comprises pyramidal cells with scat-

tered nonpyramidal cells. MRM typically displays the
full thickness of layer III as a band that is slightly
more hyperintense than that of the superjacent layer
II, but differentiation of layer II from layer III proved
difficult in some sections (Fig 1).

IV, The Internal Granular Cell Layer. Layer IV is
usually the narrowest of the cortical layers (except in
sensory koniocortex [BA 3, 17 and 41]) and contains
densely packed stellate cells and a variety of granule
cells. It is subdivided into a superficial portion (IVA)
and a deep portion that is permeated by a very dense
horizontal plexus of myelinated fibers designated the
external band of Baillarger (IVB) (Fig 1). MRM dis-
plays layer IV as a sharply defined, dark gray to black
band (Fig 1). The primary visual (calcarine) cortex
contains the thickest IVB, called the line of Gennari
(Fig 2).

V, The Internal Pyramidal Cell Layer. Layer V con-
tains large pyramidal cells and scattered nonpyrami-
dal cells. The superficial portion (Va) contains scat-
tered pyramidal cells, whereas the deep portion (Vb)
contains both pyramidal cells and a horizontal plexus
of myelinated fibers designated the internal band of
Baillarger. The internal band of Baillarger (layer Vb)
is much thinner than layer IVB, forms a less densely
interwoven plexus of myelinated fibers, and appears
less distinct on MR images. On MRM images, layer
Va is distinguished as a hyperintense band just deep
to the hypointense, myelinated layer IVB. Layer Vb,
however, merges into the hypointense band formed
by the subjacent layer VI (Fig 1).

VI, The Multiform Layer (Fusiform or Pleomorphic
Layer). Layer VI is relatively thin and mostly com-
prises densely arranged, spindle-shaped cells inter-
spersed with fiber bundles. MRM displays layer VI as
a dark-gray zone that merges with the more superfi-
cial layer Vb (Fig 1).

The Neocortex: Lamination, Connections, and
Parcellation

The cortical layers represent horizontal aggrega-
tions of neurons with common connections. The vari-
ations observed in the laminar appearance of the
cortex reflect variations in the cellular composition
and packing of each layer, the relative degrees of
myelination in each layer and sublayer, and their
interconnections with adjacent areas (5, 11). These
variations in laminar structure give each cortical re-
gion a specific cytoarchitecture that subserves the
function of that region. These variations also influ-
ence the ease with which the six layers of cells can be
discerned. Isocortex containing six readily discernable
layers is designated homotypical, whereas isocortex in
which one or more layers show functional modifica-
tion is designated heterotypical (5).

FIG 2. Continued.
D–G, Signal intensity profiles oriented perpendicular to the cortical surface, color coded by location on the cortex. Focal “dips” in

signal intensity at the line of Gennari (1) and within the subcortical white matter (2) correspond to the presence of heavily myelinated
fibers, confirmed by histologic staining (B and C). The lower signal intensity in the subcortical white matter compared with that in the
line of Gennari may reflect not only the greater concentration of myelin in the U fibers but also the increased concentration of iron within
them. The dip in the middle of the blue graph (E) identifies the sulcus (S) between two adjacent gyri.
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Von Economo (25) classified the cerebral isocortex
into five types (Table). These five types are: 1)
agranular, 2) frontal, 3) parietal, 4) polar, and 5)
granular (koniocortex or dustlike cortex). Cortical
Types 2, 3, and 4 are homotypical. Types 1 and 5 are
heterotypical. The primary sensory cortices for vision
(calcarine cortex) (Fig 2), audition (Heschl’s gyrus),
and somatosensory perception (postcentral cortex)
are specific examples of heterotypical koniocortex.
Heterotypical cortex type 1 (agranular cortex) is spe-
cialized for motor function, as exemplified by the
primary motor area (M1) of the precentral gyrus.

Brodmann (1909) recognized specific patterns of
variation in the cortical architecture, parcellated the
cortex into cytoarchitectonic areas, numbered them,
and tried to relate cortical architecture to function
(24). These regions are now designated the Brod-
mann areas (BAs). Later authors have refined these
initial divisions (25–39).

The Allocortex
The allocortex includes the olfactory cortex, the

dentate gyrus, and the hippocampus proper (syn-
onym, cornu ammonis [CA]) (8). The hippocampal
formation includes both gray matter and white matter
arrayed around the hippocampal fissure (8, 12, 13).
The gray matter includes the dentate gyrus, the sub-
iculum, and the hippocampus proper. The white mat-
ter includes the alveus and the fimbria that together
constitute the fornix.

Dentate Gyrus. From superficial to deep, the three
strata of the dentate gyrus are designated the stratum
moleculare, the stratum granulosum, and the poly-
morphic layer. The stratum moleculare lies just deep
to the hippocampal sulcus and appears as a hyperin-
tense layer on MRM images (Fig 3). The stratum
granulosum (dentate granule cell basket) is a thin,
very sharply defined layer of densely packed, small,
round, granular neurons nearly devoid of myelin. On
MRM images, this appears as a thin, finely delin-
eated, dark-gray band with a characteristic curvilinear
shape (Fig 3). The polymorphic layer is the thinnest
of the three dentate layers and contains the axons that
cross from the granule cell neurons of the dentate
gyrus to the hippocampus proper. On MRM images,
the polymorphic layer is just discernible as a faint,
thin, hyperintense band situated between the hypoin-
tense stratum granulosum and the gray matter of the
hippocampus proper (CA4) (Fig 3).

Hippocampus Proper (CA) (CA1–CA4). The re-
maining horizontal laminations of the hippocampal

formation form six strata: the alveus, stratum oriens,
stratum pyramidale, stratum radiatum, stratum lacu-
nosum, and stratum moleculare (cited in order from
the ependyma to the hippocampal sulcus) (Fig 3)

The alveus is a thin subependymal layer of white
matter seen as a sharply marginated band of very low
signal intensity just deep to the edge of the temporal
horn (Fig 3).

The stratum oriens includes scattered neurons
(basket cells) crossed by axons from the adjacent
stratum pyramidale. On MRM images, it is seen as a
hyperintense band that merges with the underlying
stratum pyramidale (Fig 3).

The stratum pyramidale includes prominent pyra-
midal cells arrayed in a spiral and organized into four
fields of cells designated CA1–CA4. On MRM im-
ages, the stratum oriens and the loose pyramidal cells
of CA1 merge into a single hyperintense band (Fig 3).

The stratum radiatum contains apical dendrites
that arise from the pyramidal neurons of the stratum
pyramidale. On MRM images, the stratum radiatum
appears as a gray band (Fig 3).

The stratum lacunosum contains numerous fasci-
cles of axons from the perforating fibers and the
Schaffer collaterals, which run parallel to the surface
of the CA. This layer cannot be distinguished sepa-
rately from the stratum moleculare on either MRM
images or Nissl stains (Fig 3); however, its low signal
intensity is better defined in the more anterior section
shown (Fig 4). Hypointensity on MRM images and
the corresponding dip in the signal intensity profile
correlate with high myelin content (Fig 4).

The stratum moleculare contains a few neurons
and dendritic connections to the adjacent layers and
appears as a single, hyperintense, slightly heteroge-
neous band that lies just lateral to the hippocampal
sulcus (Fig 3).

The MRM appearance of the hippocampal forma-
tion varies along the formation. Lorente de No (29,
30) described four fields of hippocampal pyramidal
cell neurons, designated CA1, 2, 3 and 4. CA1 con-
sists of scattered pyramidal cells and is seen as the
hyperintense band described above. CA2 consists of a
narrow band of densely packed pyramidal cells that
appear as a narrow gray band, distinct from the
broader, more hyperintense band of CA1. The
densely packed strata of pyramidal cells in CA3 form
the genu of the CA, where it enters the concavity of
the dentate gyrus (Fig 3). This appears on MRM
images as a curvilinear, gray band. CA3 is also char-
acterized by the presence of a stratum lucidum, which
appears hyperintense on MRM images. This supple-
mentary layer contains mossy fibers that originate in
the dentate gyrus. The CA3 pyramidal layer continues
into the hilus of the dentate gyrus, where it is desig-
nated CA4. CA4 contains scattered, large, ovoid py-
ramidal cells and myelinated fibers, and appears gray
on MRM images (Fig 3). Signal intensity profiles
along the hippocampal fields CA1 through CA4 doc-
ument that the gradation in signal intensity accurately
reflects the gradation in cell density and myelination
(Fig 4).

Five Types of Neocortex and Corresponding Locations

Type of Cortex Corresponding Brodmann Areas

Agranular 4, 6, 8, part of 11, 24, 25, 26, 28, 29, 30, 33
Frontal 9, 45, 46, 47
Parietal 7, 23, 39
Polar 10, part of 38
Granular (Koniocortex) 1, 2, 3, 17, 41

AJNR: 23, September 2002 CEREBRAL CORTEX 1317



The Transitional Cortex
Transitional cortex (periallocortex) is found in the

retrosplenial region (BA 29 and 30), the anterior
cingulate cortex (BA 23, 24a-c, and 25), and the
ectosplenial cortex of area 26 (19, 33, 38, 39). BA
29a-d constitutes the granular retrosplenial cortex.
BA 29a-c contain a very thick layer I, a plexus of
myelinated fibers in the superficial portion of the
thick layer I, and densely packed darkly staining neu-
rons immediately deep to layer I. On MRM images,
areas 29a-c showed the expected thickness of layer I
and very low signal intensity at the superficial aspect
of that layer, corresponding to the superficial myelin-
ated plexus (Fig 5). BA 29d is distinguished by the
broadening of the overall thickness of the cortex,
increased definition of individual cell layers, and the
emergence of a layer of loosely packed pyramidal
neurons interposed between layers I and IV. MRM
clearly depicts this region, although not as clearly as
the Nissl stain of the same specimen (Fig 5).

BA 30 is designated the agranular-dysgranular sub-
division of the retrosplenium (19, 33, 38, 39). In this
area, the cortex continues to thicken (even as layer I

becomes less prominent), and granule cell layer II
shows progressively increasing definition. MRM
showed the incipient layer II as a faint gray band
interposed between the hyperintense layers I and III
(Fig 5). Adjacent to BA 23 is the six-layered isocortex
of BA 30, the layers of which are indistinct both
histologically and on MRM images.

Signal Intensity Profiles
With the pulse sequence used, at 9.4 T, low signal

intensity in the cerebral cortex is felt to represent high
myelin density (as in layer IVB in Fig 2), or high
cellular density (as in the dentate granule cell layer in
Fig 3). Iron, histologically shown to be present within
the U fibers, may help to explain signal intensity
decreases beyond those expected from high myelin
density alone (40). This concept of dual causes for low
signal intensity is supported by the parallel gradations
in signal intensity, cellular density, and myelination,
as shown by the signal intensity profiles obtained both
across the different layers of cortex (Fig 2) and along
the hippocampal fields CA1–CA4 (Fig 4).

FIG 3. Allocortex of the hippocampal formation.
A and B, MRM images of adjacent sections through the

midhippocampal formation in the coronal plane.
C, Nissl stain specimen corresponding to A. From lateral to

medial, the MRM displays: 1, alveus; 2, stratum oriens; 3,
stratum pyramidale; 4, stratum radiatum; 5, stratum lacuno-
sum; 6, stratum moleculare; 7, hippocampal sulcus; 8, stratum
moleculare; 9, the dentate granule cell layer (straight arrow in
A, B, and C); and 10, the polymorphic layer (arrowhead in B
and C). Also seen are the caudate nucleus (CN), subiculum
(Sub), and the lamellar retinotopic organization of the lateral
geniculate body (curved arrow) (magnification �6.25).
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Utility of Cortical Imaging
Knowledge of cortical structure and intracortical lam-

ination helps explain the in vivo imaging appearance of
the human cortex. Meyer et al (41) noted that the motor

isocortex was perceptibly thicker than the somatosen-
sory isocortex. By use of MR imaging at 1.5 T and taking
this difference into account, they identified the central
sulcus. By use of T2-weighted coronal imaging at 1.5 T,

FIG 4. Signal intensity profiles of the hip-
pocampal allocortex. The profile perpen-
dicular to the cortex (green line, profile in
inset a) displays deep dips of low signal
intensity at the acellular heavily myelinated
alveus (A), the stratum lacunosum (L), the
hippocampal sulcus (S), and the unmyeli-
nated densely cellular dentate granule cell
layer (D). In the profile along the CA from
CA1 to CA4 (curved red line, profile in inset
b), signal intensity is inversely related to
cellular density. Signal intensity is highest
in CA1 (lowest cellular density), decreases
to its lowest signal intensity in CA2 (high-
est cellular density), and then rises pro-
gressively toward CA4, as cell density de-
creases. The blue line fitted to this signal
intensity curve approximates an average
of the signal intensity in each area. Note
that signal intensity in CA4 is lower than
that in CA1.

FIG 5. Transitional cortex in the retrosplenial region of the cingulate gyrus. MRM (A) and Nissl stain (B) show progressive thickening
of the cortex and increasing definition of the individual layers from the periallocortical regions (BA 29, 30) into the adjacent isocortex (BA
23). BA 29a-c are characterized by a thin cortex with very prominent myelination (asterisk) in a thick layer I. BA 29d shows funnel-shaped
broadening of the cortex toward BA 30, with poor lamination, but beginning definition of layer II. BA 30 shows greater cortical thickness
and a well-defined layer II. Isocortical BA 23 shows clear definition of layer IV as well as layer II. Sp indicates splenium (magnification
�6.25).
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Yoshiura et al (42) demonstrated that the high cellular
density within the sensory isocortex (koniocortex) of
Heschl’s gyrus correlated with low signal intensity (com-
pared with that in adjacent superior temporal gyrus).
With standard spin-echo sequences at 1.5 T, Naidich et
al (12, 13) displayed the lamellar architecture of the
hippocampal formation. Hirai et al (43), using turbo
fluid-attenuated inversion recovery imaging at l.5 T,
have since demonstrated differing signal intensities of
the limbic and other cortices. It is fully expected that
increasing familiarity with the laminar anatomy of the
human cortex will lead to additional clinically useful
correlations of intracortical anatomy with MR images,
especially as higher field strength (ie, 3T–8T) systems
begin to enter routine clinical practice. MRM may then
provide criteria for beginning to characterize and iden-
tify the cortical type, the cytoarchitecture, and the BA
designations among patients by means of computer-
generated signal intensity profiles of in vivo MR images.

Technical Considerations
Despite our efforts, the surfaces of the specimens

showed a thin rim of increased signal intensity that
could represent fixation artifact or MR edge artifact
or both. To reduce fixation artifacts caused by uneven
infiltration of formalin into the tissue, all specimens
were deliberately fixed in 10% formalin for an addi-
tional 2 weeks after harvest from the parent hemi-
sphere. To reduce edge artifact, the specimens were
all embedded in Fomblin for scanning and wedged
into position with styrofoam plugs to reduce vibra-
tion. Nevertheless, artifactually increased signal in-
tensity at the cortical surfaces produced a superficial
hyperintense “stripe” of variable thickness. This arti-
fact was most prominent in relation to large pools of
overlying fluid. Therefore, one could attempt to min-
imize this problem by carefully tracing each cortical
layer from the crown of the gyrus (where the artifact
is greatest) into the depths of a narrow sulcus (where
the artifact is least) to see which portion of the su-
perficial signal intensity may be attributed to the
artifact and which to layer I. However, the artifact still
limits interpretation of the cortical lamination and of
the signal intensity profiles.

Conclusion

This study demonstrates that intermediate-weighted,
high-spatial-resolution MRM at 9.4 T can display the hor-
izontal laminar pattern of formalin-fixed human cerebral
isocortex, allocortex, and periallocortex. With the pulse
sequence used, signal intensity correlates with the de-
gree of myelination and cell density of the intracortical
layers. Because the patterns discerned by MRM form
one basis for the cytoarchitectonic classification of BAs,
this study lends support to the concept that in the future
MRM may depict BAs directly rather than by inference
from gross anatomic location. Signal intensity profiles
provide one method for capturing these relationships.
The application of MRM and signal intensity profiles

for identifying and characterizing intracortical disease is
now under active investigation.

Acknowledgments
The authors wish to express their deep gratitude to both

Edwin Lugo of the Division of Neuropathology and John C.
Gentile of the Department of Radiology, The Mount Sinai
School of Medicine, for their help with this project.

References
1. Beuls E, Gelan J, Vandersteen M, Adriaensens P, Vanormelingen

L, Palmers Y. Microanatomy of the excised human spinal cord and
the cervicomedullary junction examined with high-resolution MR
imaging at 9.4 Tesla. AJNR Am J Neuroradiol 1993;14:699–707

2. Vandersteen M, Beuls E, Gelan J, Adriaensens P, Vanormelingen
L, Palmers Y, Freling G. High field magnetic resonance imaging of
normal and pathologic medulla oblongata. Anat Rec 1994;238:277–
286

3. Benveniste H, Katie K, Zhang L, Johnson GA. Magnetic resonance
microscopy of the C57BL mouse brain. NeuroImage 2000;11:601–
611

4. Burgess RE, Yu Y, Christoforidis GA, Bourkes EC, Chakeres DW,
Dimitri S, Kangarlu A, Abduljalil AM, Robitaille PL. Human
leptomeningeal and cortical vascular anatomy of the cerebral cor-
tex at 8 T. J Comput Assis Tomogr 1999;23:850–856

5. Carpenter MB, Sutin J. The cerebral cortex Human Neuroanatomy
Baltimore: Williams & Wilkins; 1983; 643–705

6. Daniels DL, Haughton VM, Naidich TP. Cranial and Spinal Mag-
netic Resonance Imaging: An Atlas and Guide. New York: Raven
Press; 1987

7. Nieuwenhuys R, Voogd J, van Huijzen C. The Human Central
Nervous System: A Synopsis and Atlas, 3rd ed. New York: Springer-
Verlag; 1988

8. Duvernoy HM. The Human Hippocampus. Functional Anatomy, Vas-
cularization and Serialization with MRI. 2nd ed. Berlin Heidelberg
New York: Springer Verlag; 1998

9. Duvernoy H. The Human Brain: Surface, Three-Dimensional Sec-
tional Anatomy and MRI. New York: Springer-Verlag Wien; 1991

10. Ono M, Kubik S, Abernathey CD. Atlas of the Cerebral Sulci. New
York: Thieme Medical Publishers, Inc.; 1990

11. Berry M, Bannister LH, Standing SM. Nervous system. In: Williams
PL, Bannister LH, Berry M, et al, eds. Gray’s Anatomy, 38th ed.
Edinburgh: Churchill Livingstone; 1995:901–1397

12. Naidich TP, Daniels DH, Haughton VM, et al. The hippocampal
formation and related structures of the limbic lobe: anatomic-MR
correlations, part I, surface features and coronal sections. Radiol-
ogy 1987;162:747–754

13. Naidich TP, Daniels DH, Haughton VM, et al. The hippocampal
formation and related structures of the limbic lobe: anatomic-
MR correlation, part II, sagittal sections. Radiology 1987;162:
755–761

14. Naidich TP, Valavanis AG, Kubik S. Anatomic relationships along
the low-middle convexity: part 1, normal specimens and magnetic
resonance imaging. Neurosurgery 1995;36:517–532

15. Naidich TP, Valavanis AG, Kubic S, et al. Anatomic relationships
along the low– middle convexity: part II, Lesion localization. Inter-
nat J Neuroradiol 1997;3:393–409

16. Naidich TP, Brightbill TC. Systems for localizing fronto-parietal
gyri and sulci on axial CT and MRI. Internat J Neuroradiol 1996;
2:313–338

17. Yousry TA, Schmid UD, Alkadi H, et al. Localization of the motor
hand area to a knob on the precentral gyrus: a new landmark.
Brain 1997;120:141–157

18. Yousry TA, Fesl G, Buttner A, et al. Heschl’s Gyrus: anatomic
description and methods of identification on magnetic resonance
imaging. Internat J Neuroradiol 1997;3:2–12

19. Vogt BA, Vogt LJ, Nimchinsky EA, et al. Primate cingulate cortex
chemoarchitecture and its disruption in Alzheimer’s disease. In:
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