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Abstract
The cerebral cortex is a layered cellular structure that is tangentially organized into a mosaic of
anatomically and functionally distinct fields. In spite of centuries of investigation, the precise
localization and classification of many areas in the cerebral cortex remain problematic because the
relationship between functional specificity and intra-cortical structure has not been firmly
established. Furthermore, it is not yet clear how surface landmarks, visible through gross
examination and, more recently, using non-invasive magnetic resonance imaging (MRI), relate to
underlying microstructural borders and to the topography of functional activation.

We have designed a multi-modal neuroimaging protocol that combines MRI and quantitative
microscopic analysis in the same individual to clarify the topography of cytoarchitecture
underlying gross anatomical landmarks in the cerebral cortex. We tested our approach in the
region of the fusiform gyrus (FG), because in spite of its seemingly smooth appearance on the
ventral aspect of both hemispheres, this structure houses many functionally defined areas whose
histological borders remain unclear. In practice, we used MRI-based automated segmentation to
define the region of interest from which we could then collect quantitative histological data
(specifically, neuronal size and density). A modified stereological approach was used to sample
the cortex within the FG without a priori assumptions on the location of architectonic boundaries.
The results of these analyses illustrate architectonic variations along the FG and demonstrate that
it is possible to correlate quantitative histological data to measures that are obtained in the context
of large-scale, non-invasive MRI-based population studies.
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1. Introduction
Cortical areas (Barbas et al., 2002; Annese et al., 2005) can be functionally and anatomically
defined according to several established criteria (van Essen and Maunsell, 1980; Kaas,
2010). In most circumstances, direct physiological recording of the human cerebral cortex is
precluded by obvious practical and ethical concerns; nevertheless, functional subdivisions
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can be localized non-invasively through the use of functional magnetic resonance imaging
(fMRI; Devlin et al., 2006) or positron emission tomography (PET; Haxby et al., 1994).
Traditionally, the anatomical boundaries between functionally defined cortical areas could
only be verified through studies of architectonics and connectivity patterns (Kaas, 2010) that
were conducted on postmortem tissue and in experimental animals. The need to link MRI
localization of functional landmarks to maps based on underlying microstructuralanatomy
has been previously raised multiple times (Crick and Jones, 1993; Passingham et al., 2002;
Devlin and Poldrack, 2007). Toward this end, advances in the use of high-resolution MR to
identify cortical boundaries have enabled researchers to localize regions with prominent
features such as the stria of Gennari (Clark et al., 1992; Bridge et al., 2005) and the
boundary between motor and somatosensory cortex (Glasser and van Essen, 2011). As
evidenced by direct comparisons with histology, these borders are likely visible in MRI
scans because of variations in the density of myelinated fibers (Geyer et al., 2011a, 2011b).
However, histological studies and brain mapping using MRI are rarely conducted on the
same subjects (Annese, 2012); thus, the relationship between MRI data and microanatomical
structure as seen in histological examination remains unclear.

For example, the fusiform gyrus (FG) is an anatomical structure on the ventral surface of the
cerebrum that is long and uninterrupted in appearance except for very shallow secondary
sulci. While there are no gross anatomical landmarks that could be used to subdivide the FG
into separate compartments, the gyrus houses several distinct regions involved in diverse
cognitive functions, such as face recognition (Natu and O’Toole, 2011; Meng et al., 2012),
orthography and reading (Devlin et al., 2006; Tsapkini and Rapp, 2010), semantic word
retrieval (Perani et al., 1999; Sharp et al., 2010), processing of color information (Martin et
al., 1995; Simmons et al., 2007), synesthesia (Jäncke et al., 2009) and other functions related
to object identification (Wierenga et al., 2009). Linking the function of the FG to underlying
micro-anatomical parcels is problematic, because there are too few published histological
reports and images that can be related to the variety of functions observed in vivo. Classical
maps of the cerebral cortex, constructed on meticulous, but subjective, observations on the
size and distribution of neuronal cell bodies (Brodmann, 1909; von Economo, 1929) or the
density and arrangement of myelinated fibers (Vogt and Vogt, 1919; Hopf, 1951), subdivide
the FG into only two or three sub-regions (Figure 1). The lack of clear quantitative criteria
and documentation makes it difficult to reference these studies when mapping the cortex of
any individual subject.

In an effort to address these limitations in the field, we propose a novel method that can help
establish a more direct correlation between quantitative cyto-architectonic data and MRI-
based maps in the human brain. The proposed method leverages the combination of non-
invasive MRI and postmortem imaging of the brain in the same individual at different levels
of resolution. MRI is used to determine, via established segmentation algorithms, a region of
interest (ROI) that is unique and reproducible across larger, population based, neuroimaging
studies. In this study, we applied the FreeSurfer image processing pipeline (http://
surfer.nmr.mgh.harvard.edu/; Fischl et al., 2004; Desikan et al., 2006) to label voxels that
belong to the FG. These voxels are represented by corresponding vertices in the triangulated
model of the surface of the cerebral cortex. Once the ROI was selected, we applied
stereological tools to acquire quantitative data from whole-brain histological sections that
cross the ROI. This approach allows for the analysis of stereological quantitative data,
created without the bias of a priori assumptions regarding the location of architectonic
boundaries within the FG; crucially, information describing microarchitecture can be related
to other maps obtained with MRI and fMRI via the standard FreeSurfer segmentation. By
combining these two robust approaches (automated segmentation and stereology), we
demonstrate the potential to bridge the gap between two levels of mapping at the macro- and
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microscopic level and produce quantitative data in a way that directly relates to MRI
features that are relevant to clinical and morphological population-based studies.

2. Materials and methods
2.1. The brain

This feasibility study was conducted using a single brain specimen, donated by a 50-year old
Hispanic male. The subject was a smoker (for 30 years), and had received cataract surgery in
both eyes 6 months prior to his death. The donor worked as a private investigator.

2.2. Magnetic resonance imaging (MRI)
MRI scans of the brain were acquired in situ on an General Electric “HDX” Twinspeed
EXCITE 1.5T scanner (Milwaukee, WI.) using an eight-channel, transmit-receive, phased-
array head coil. Scan parameters (3-D acquisition, T1-weighted, fast gradient echo; pixel
spacing: 0.9375mm × 0.9375mm; slice thickness: 1.2mm; TE=4.832; TR=10.612) were
selected to allow robust reconstruction of the brain’s cortical surface and automated
segmentation of the cortex using FreeSurfer (Fischl et al., 2004; Desikan et al., 2006).

2.3. Histology
After extraction, the specimen was fixed in 4% paraformaldehyde for 10 weeks and then
cryoprotected in a series of buffered phosphate solutions with increasing concentrations of
sucrose up to 30%. The whole brain was embedded in a gelatin-sucrose matrix and oriented
so that the coronal plane was orthogonal to the AC-PC line (Talairach and Tournoux, 1988).
The brain-gelatin block was frozen in isopentane at -40°C and sectioned whole in the
coronal plane at an interval of 70μm on a modified sliding microtome (based on a Leica
SM2500, Leica Microsystems, Inc., Buffalo Grove, IL). Before each section was cut (2,251
sections were collected in total), a photograph of the blockface was acquired using a digital
camera mounted directly above the microtome stage (Nikon D700 – AF NIKKOR 35mm f/
2D lens; Nikon Inc., Melville, NY). The resolution of the blockface images was 45μm/pixel
(Figure 2A). Every section was stored in a buffered phosphate solution (pH 7.4). To
generate a complete series through the brain, 1 in 36 sections was mounted on large format
glass slides (5 in. × 7 in.) and stained for cell bodies using thionin dye (Nissl staining; Fig.
2B; Simmons and Swanson, 1993).

2.4. Region of Interest Definition
A surface reconstruction and cortical parcellation were created from the MRI scan using
FreeSurfer; the basics of automated parcellation have been described in detail elsewhere
(Dale et al., 1999; Fischl et al., 2004; Desikan et al., 2006). Surfaces were generated
automatically after intensity correction. The pial surface generated from FreeSurfer and the
original MRI were loaded into Amira (VSG, Visualization Science Group, Inc., Burlington
MA) and visualized concurrently. The pial surface reconstruction and the MRI data were co-
registered in order to observe the extent of the FG as it appears in the coronal sections of the
MRI data. The boundaries of the FG as defined by the FreeSurfer parcellation were then
manually delineated on the corresponding images of the blockface (Figure 3).

2.5. Stereology
Using the delineated blockface images as a reference, the boundaries of the FG were
manually traced as contours with Stereo Investigator (MicroBrightfield, Williston, VT). To
estimate total neuron numbers within the FG, we examined every Nissl-stained section
containing the ROI (31 sections in the left hemisphere and 30 sections in the right
hemisphere). For each section, we acquired image stacks through the depth of the cortex
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using a 60×/1.42 N.A. oil immersion lens in a systematic randomly sampled 1000 × 1000μm
grid (Figure 4B). Each image stack comprised 25 images separated by 1μm distance in the
z-axis.

The data files and image stacks were loaded into Stereo Investigator on a Dell XPS 730x for
analysis. For the analysis of the virtual stacks in each section, we used the optical
fractionator method (West et al., 1991) with a 50 × 50-μm counting frame. We used a
standard dissector depth of 10μm with a 2μm guard zone. Section thickness was measured
at each probe site. Neurons were counted only if a clear nucleolus came into focus within the
permitted boundaries of the counting frame, according to the principles of the optical
fractionator method (Figure 4A; West et al., 1991). The perikaryal volume of each counted
neuron was measured using the nucleator probe (Gundersen et al., 1988). The data were
acquired by two raters with a high inter-rater reliability (Pearson’s r = 0.98).

2.6. Selection of subregions of interest (for post-hoc analysis)
We digitized each Nissl-stained slide using an ultra-high resolution flat bed scanner (Creo
Eversmart Supreme II; Eastman Kodak Company, Rochester, NY) at a resolution of 4880
dpi. (The resulting images are approximately equivalent to images acquired through a
microscope with a 2x objective). The six cortical layers were identified within the ROI in
each section and divided into supragranular (layers II and III) and infragranular (layers V
and VI) regions. This categorization was used to divide the data into separate groups for
independent post-hoc analysis.

In addition, an adjacent series of 1 in 36 sections was stained for myelinated fibers using a
modification of the Gallyas silver impregnation protocol (Figure 2C; Gallyas, 1979), and,
using previously described methods (Annese et al., 2004), potential myelo-architectonic sub-
regions of the FG were identified to use as additional criteria for post-hoc analysis.

2.7. Statistics
The data from supragranular and infragranular sub regions were separated for independent
analysis. These data were further divided into four smaller samples based on the four
identified myelo-architectonic sub-regions for additional analysis. Within each sub region,
cell number and density as well as average perikaryal volume were estimated. The effects of
subregion, hemisphere, and layer (infragranular vs. supragranular) on the data were assessed
using the R statistics package (R-Development, 2009) to run ANOVA analyses. An
asymmetry coefficient for each variable and region was calculated using the equation (R –
L)/[(R + L)/2].

3. Results
3.1. Volume measurements

The total volume of the FG was 8252 mm3 in the right hemisphere and 7936 mm3 in the left
hemisphere. In both hemispheres, the most posterior sub-region occupied the least territory
(Region D, 660 mm3, right; 564 mm3, left). The largest sub-region in the right hemisphere
was more anterior (Region B, 3962 mm3) than the largest in the left hemisphere (Region C,
2816 mm3; Table I).

3.2. Neuron size
The perikaryal volume of counted neurons ranged from near 400 μm3 in the posterior
regions to more than 1100 μm3 in the anterior regions (Table II; Figure 5A,5B). All
variables had significant effects on average perikaryal volume (Region, F3,3=72.39,
p=0.0004; layer, F1,3=32.07, p=0.0002; and hemisphere, F1,3=7.60, p=0.02), with no
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significant interactions among variables. The range in average perikaryal volume displayed
a reverse correlation to estimated neuronal densities (r=-0.879).

3.3. Neuronal number and density
The estimated numbers of neurons can be found in Table II. Coefficients of error were ≤
0.05 (Gundersen, m=1) for all measures. Region (F3,3=603.43, p=0.0001), layer (F1,3=50.56,
p=0.006), and hemisphere (F1,3=69.23, p=0.004) all had significant effects on neuronal
density, but no interactions were observed among variables. All sub-regions were
significantly different from each other, with more anterior regions having less neuronal
density than regions more posteriorly located (Figure 5C,5D). The left FG displayed greater
neuronal density than the right FG; and overall density was greater in supragranular layers
than in infragranular layers.

3.4. Asymmetry
Analyses showed an asymmetry in neuronal density, with the left FG having a greater
density in most regions than the right FG (Table III). A reverse relationship was seen in
average perikaryal volume, with the neurons being larger overall in the right FG than in the
left FG. In general, the volume of the entire gyrus showed no marked asymmetry.

4. Discussion
We evaluated a novel method to help clarify the relationship between macroscopic sulcal
landmarks detectable with MRI and anatomical microstructure within the FG. In humans,
the knowledge gap between these two aspects of neural structure and their relationship to the
topography of functional specificity remains significant because direct physiological
recording is not easily afforded (Ojemann et al., 1989; Vidorreta et al., 2011; Parvizi et al.,
2012). It is important to address the issue from an ontological perspective first because if
microstructural data are to inform brainmapping studies at large, these data must be
produced and reported in the wider neuroimaging context and not limited to the few
specimens that are analyzed postmortem. Hundreds of MRI studies utilize FreeSurfer’s
segmentation scheme as a reference to define ROIs and to report the anatomical correlates of
their morphological phenomena or functional activation (Fischl, 2012). Therefore, we
adopted the output of the FreeSurfer-based anatomical segmentation applied to the MRI
scan of the brain to define our ROI, in this case the FG. The main advantage of using
automated MRI-based parcellation schemes lies in the added consistency and reproducibility
of definitions and final results of analyses. Following the standard delineation of the ROI,
we used stereology as the foundation for our data acquisition model. Although many studies
have adopted the term ‘stereology’ to imply an observer-independent approach to cortical
architectonics (Schleicher et al., 2000), stereology, strictly speaking, refers to very well-
defined unbiased sampling strategies to quantify measurable features in a 3-D structure
based on 2-D cross sections (Gundersen and Jensen, 1987). Standard stereological protocols
require the sampling of 10-15 sections across each ROI and, for the optical fractionator in
particular, it is necessary to define the sampling grid (in microns) so that a count of
approximately 200 neurons can be obtained within each ROI. Our goal was to investigate
the cyto-architectonic landscape within the MRI-based FG ROI, without imposing a priori
structural borders for the analysis, but rather reporting the emergence of transitions in terms
of cytological parameters (i.e., neuronal size and density). This approach required increasing
the number of sections sampled through the FG as well as increasing the number of
sampling points on each histological section (i.e., smaller sampling grid).

Although based on a single specimen, the quantitative data obtained in the context of our
feasibility study reveals interesting patterns at the microscopic level that can be related to
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the map of cognitive functions within the FG. Classic studies suggest that the FG is not an
anatomically uniform structure, (Brodmann, 1909; von Economo, 1929), and recent cyto-
architectonic studies have identified multiple subdivisions within this gyrus (Caspers et al.,
2012). We have also analyzed myelination patterns (Annese et al., 2004) in our ROI (Figure
6) and observed transitions and architectures analogous to those reported by Hopf (1951).
Stereological data (neuronal density and perikaryal volume) show a trend towards smaller
neurons and higher neuronal density in posterior FG relative to the anterior FG. This effect
is interesting in the light of what we know about functional maps in FG. Posterior regions
are activated in facial processing (Natu and O’Toole, 2011; Meng et al., 2012), orthographic
processing (Tsapkini and Rapp, 2010), and other types of detail oriented data processing
(Price et al., 2003), and are located relatively downstream in the ventral visual processing
stream. More anterior regions perform more abstract and integrative processing, likely
incorporating inputs across multiple modalities and cortical areas (Price et al., 2003).
Previously published studies also suggest that ‘big picture’ processing occurs in the right FG
while more ‘detail oriented’ processing is mapped in the left (Meng et al., 2012).
Interestingly, when we analyzed our results to study the asymmetry between hemispheres,
the left FG exhibited an overall greater neuronal density and smaller neuron volume
compared to the right.

Thus, we find that in regions that are thought to involve processing of features at the local
level, the neurons tend to be smaller and more tightly packed. In contrast, in areas where
greater integration of information is required, the neurons are larger and more widely
spaced. This observation suggests a correlation between neuron size and type of processing
(Elston and Rockland, 2002). Larger neurons may have greater potential to receive and
integrate diverse input, because of a possible association between the larger neuronal soma
and longer and increased numbers of dendritic processes (Hayes and Lewis, 1996; Jacobs et
al., 2001). Within this context, it may be important to mention that other regions of cortex,
particularly those involved with language processing, also exhibit asymmetry in cyto-
architectural features (e.g. temporal language areas, Hutsler, 2003; Broca’s area, Hayes and
Lewis 1996; Schenker et al., 2008). These correlations are extremely interesting and
additional studies utilizing the protocol described in this communication will be required to
further explore the above-mentioned hypotheses.

5. Conclusion
We present a new approach to quantitative histological analysis that relates directly to MR
parcellation schemes that are widely adopted by the neuroimaging community. This
approach allows us to directly relate clinically-relevant MRI data to data obtained
postmortem from histological sections belonging to the same subject. The compiled data
enable us to gain a better understanding of the anatomical microstructure underlying
imaging data.

Stereological tools are widely used for the investigation of histological features because they
provide statistically valid estimates without the need for a complete survey of the tissue. In
fact, the goal is to reduce the number of sample sections and locations within each slice.
This approach was necessary when the analyses were performed manually, but with
computer-controlled microscopy it is possible to sample large areas and automatically
acquire a large number of stacks. Leveraging the availability of modern computational
power and ample digital storage, we adopted a modification of the traditional stereological
approach, which effectively over-samples the ROI. This over-sampling was necessary
because we did not define discrete subregions within the FG prior to obtaining the
stereological data. Instead, after acquisition of stereological image stacks, we queried the
data to evaluate arbitrary criteria of cortical parcellation, including myelo-architectonics.
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This is only one example of the type of post hoc analyses that could be performed using the
stereological data acquired from the FG (or other, larger cortical regions) in the manner that
we described. Other equally valid criteria for the retrospective analysis of the raw, ‘blanket’-
type stereological sampling that we propose could be based on complementary histological
stains (such as local variations in immunohistochemical staining), gross anatomical features
(using sulcal anatomy to define borders of subregions) or functional landmarks (Kanwisher
et al., 1997). Anatomical features and functional landmarks can be aligned to the
histological slices via the MRI scan of the same subject, as described above.

The unbiased stereological based wide-sampling that we applied in this study allows for
increased flexibility in the post-acquisition analysis. One of the main differences between
this protocol and previous methods that have been used to localize architectonic borders
along stretches of cortex (like the grey level index, Caspers et al., 2012; Kujovic et al., 2012
or fluid automated methods, Annese, et al. 2004), is the emphasis on providing cellular-level
descriptors for functional regions highlighted by neuroimaging studies rather than on
parcellation per se. This method recognizes that functional maps are not necessarily
anchored to gross anatomical landmarks that can be readily identified across individuals.

The proposed approach has the potential to provide consistent histological ‘profiles’
resulting from the examination of multiple specimens. These ‘profiles’ would be associated
with neuroimaging ontologies based on automated segmentation methods, thereby offering
anatomical substantiation for neuroimaging markers and functional maps obtained non-
invasively. It is also conceivable that further combined MRI-histological studies, like the
one we present here, will be used to train algorithms for automated segmentation and to
refine parcellation schemes.

Our method relies on a very dense stereological sampling scheme, compared to classical
design-based stereology. Therefore, the parameters of such large-scale sampling protocols
must be defined carefully in order to maximize efficiency while preserving accuracy. We
have tested the feasibility of our approach on a specific region that can be unambiguously
defined by the automated parcellation of MR images. However, the protocol could be
applied to the whole brain, provided adequate resources were invested in the survey,
yielding data sets of unprecedented size and richness amenable to retrospective studies
based on a variety of post-hoc criteria. Furthermore, the latter could be enabled for remote
investigators due to the advent of new web technologies that allow for analysis of digitized
virtual slices online.
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Highlights

We tested a combined mri-microscopy protocol applied to the same subject.

We used mri-based automated segmentation to define the region of interest.

We used a large-scale stereological approach on whole-brain histological slices

The results show it is possible to link histological data directly to mri mapping.

Method may help clarify structure-function relationships in human cerebral cortex.
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Figure 1.
Classical cortical architectonic maps based on A. density and thickness of cellular layers
(Brodmann, 1909); B. density and thickness of cellular layers, as well as estimates of cell
size and density (von Economo, 1929); C. the arrangement and orientation of intracortical
fibers (Hopf, 1951). The region corresponding to the FG is highlighted on each map.

Schenker-Ahmed and Annese Page 12

J Neurosci Methods. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Images of a coronal section through the specimen. A. Blockface image acquired with a
Nikon D700 camera (original resolution of 45μm/pixel) immediately before the tissue
section was collected; B. The section corresponding to the blockface image, mounted on a
large-format (5×7in) glass slide and stained for Nissl substance (Simmons and Swanson,
1993), which allows for the visualization of cell bodies; C. The section adjacent to the
blockface image, mounted and stained using a modified Gallyas silver impregnation stain
(Gallyas, 1979), which allows for the visualization of myelinated connections between
neurons.
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Figure 3.
Images of the process of automated parcellation of the MRI of the brain specimen using
FreeSurfer (Fischl, 2012) yielding the region of interest. A-D. Coronal sections through the
MRI. Hatched region indicates the FG; E-H. Blockface images corresponding to A-D, with
the FG outlined. I. The surface of the brain as reconstructed and segmented using the MRI
and FreeSurfer. The FG is outlined in black. Arrows indicate the approximate positions of
the coronal sections in relation to the surface reconstruction.
Scan parameters: 3-D acquisition, T1-weighted, fast gradient echo; pixel spacing: 0.9375mm
× 0.9375mm; slice thickness: 1.2mm; TE=4.832; TR=10.612.

Schenker-Ahmed and Annese Page 14

J Neurosci Methods. Author manuscript; available in PMC 2014 August 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Illustration of the data acquisition in Stereo Investigator. A. Image of the Nissl-stained FG
with markers indicating counted neurons; B. The outline of the sampled ROI and the grid of
acquired image stacks in which neurons were counted.
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Figure 5.
The stereological data in the right and left FG for neuron size and neuron density plotted
against section number (actual section collected). A. Neuron size in right FG; B. Neuron size
in left FG; C. Neuron density in right FG; D. Neuron density in left FG. The X
(supragranular) and + (infragranular) indicate the values for each sub region, while the solid
line is the average across regions for both supra-and infra- granular regions together. Neuron
size and neuron density vary inversely with each other. Posterior regions exhibit greater
neuron density with smaller neuron size, while anterior regions display larger neuron size
with lesser neuron density.
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Figure 6.
A-D. Photomicrographs of the Nissl-stained cortex (with cortical layers numbered in red,
and black lines indicating the approximate location of the boundary between supragranular
and infragranular layers) and the adjacent sections stained for myelination (green box
indicates the location of the Nissl-stained image) in the Right (top) and Left (bottom) FG.
These images correspond to the sections illustrated in Figure 3. Scale bars: Nissl 100μm;
Myelin 500mm.
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Table I

Estimated volume (mm3) of the FG and its sub regions. Regions A-D refer to the 4 sub-regions identified via
analysis of myelination.

Right Left

Region A 1301 1905

Region B 3962 2653

Region C 2330 2816

Region D 660 564

Total 8252 7930
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