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Functional magnetic resonance imaging (fMRI) data were obtained in
human visual cortex using sub-millimeter voxels at a field strength of
3 T. Reliable functional signals were largely confined to the gray matter
and these responses measure the retinotopic organization of visual
cortex. Functional signals were further characterized with respect to
their laminar position within the cortical gray matter. The laminar
response profiles during our visuospatial attention task, normalized for
cortical thickness, had a stereotypical shape, with a peak in the
superficial gray matter and declining in the deeper layers. The
thickness of the sheet producing functional signals was in excellent
agreement with the estimated structural thickness of the gray matter
throughout early visual cortex (error<0.5 mm). Thickness measure-
ments were highly repeatable from session-to-session (error<0.4 mm).
Hence, it is feasible and useful to use high-resolution fMRI to measure
laminar activity profiles. The ability to distinguish signals arising in
different lamina has significant potential scientific and clinical
applications.
© 2006 Elsevier Inc. All rights reserved.

Introduction

The majority of human functional imaging studies sample the
brain with voxel volumes of 27–125 μl (e.g., 3 × 3× 3–
5×5×5 mm). This will resolve functional activity at the scale of
visual field maps or Brodmann's areas. However, such large voxels
cannot resolve signals within the neocortical laminae (1.5–4.5-mm
thickness), which requires sub-millimeter spatial sampling. The
distribution of signals across the cortical laminae contains
important information about computational processing in the brain,
potentially separating feed-forward and feed-backwards signals.

Obtaining this resolution using a T2*-weighted method such as
gradient-recalled echo (GRE) imaging to measure blood oxygen-
level-dependent (BOLD) contrast, is challenging for two reasons:
acquisition speed and signal-to-noise ratio (SNR). Acquisition
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speed is critical because sub-millimeter sampling requires measur-
ing a much larger volume of spatial frequency data (“k-space”).
The time needed to acquire k-space samples is limited by three
factors: (1) the long echo time needed to establish functional
contrast, typically 25–30 ms; (2) the T2* decay itself, typically
~50 ms in gray matter; and (3) the increasing off-resonance phase
distortions that accrue during the readout. These factors limit the
time available for each acquisition to <55 ms. We use two methods
to solve the acquisition speed problem. First, we segment the
acquisition, obtaining the whole of the k-space information using
multiple cycles of excitation followed by interleaved traversals of
k-space (e.g., a multi-shot acquisition). Second, we use a spiral
acquisition trajectory, which provides a faster traversal of k-space
during each interleave (Noll et al., 1995; Glover and Lai, 1998;
Yang et al., 1998b; Glover, 1999).

Satisfactory SNR is another major issue in high-resolution
fMRI. In functional images, SNR is ultimately limited by thermal
noise, which decreases linearly with the voxel volume, and
inversely with the square root of the acquisition time. Thus, the
twin requirements of limited acquisition time and small voxels both
degrade SNR. We directly enhanced SNR by using a small (6-cm
diameter) surface coil, which offers both larger signal and reduced
noise. Superficial regions of early visual cortex were accessible
when the coil was carefully positioned on each subject's head.

There are also several factors that mitigate SNR issues for high-
resolution fMRI. The reliability of fMRI time series at conventional
spatial resolutions is not limited by thermal noise, but instead is
dominated by other, likely physiological noise sources (Biswal et al.,
1996; Wowk et al., 1997; Kruger and Glover, 2001). Consequently,
fMRI contrast at conventional resolution is so degraded by
physiological noise sources that we can allow the stationary thermal
noise in the GRE images to become substantially larger without
significantly reducing the functional reliability. Three factors also
improve functional reliability in high-resolution imaging. First, our
use of multiply segmented acquisitions increases the acquisition
time, further improving the SNR. Second, noise associated with
cardiac pulsatility is reduced by segmentation of the acquisitions.
This noise typically occurs at a frequency ~1 Hz, which is generally
not resolved by the comparatively slow volume sampling rates in
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fMRI, and therefore becomes aliased to low frequencies where it
directly interferes with the stimulus or task alternation frequencies.
Segmentation of the acquisition acts as an anti-aliasing filter that
reduces the effects of pulsatile noise. Third, as the voxel size
decreases, the magnitude of the functional contrast increases
substantially because partial volume effects diminish (Hoogenraad
et al., 1999; Logothetis et al., 2002; Yacoub et al., 2003).

There is considerable controversy as to whether GRE-based
fMRI measures signals that are accurately localized within human
cortex. At 3 T, the GRE-BOLD response is known to correspond to
a mixture of signals arising from both the capillary parenchyma in
the gray matter as well as larger vessels and sinuses outside the
brain (Bandettini et al., 1994; Boxerman et al., 1995; Menon et al.,
1995; Ogawa et al., 1998). Human experiments offer various
appraisals of whether GRE-BOLD measures local signals. Some
authors claim that signals are dominated by mislocalized large-
vessel contributions (Yacoub et al., 2003; Kim et al., 2004; Yacoub
et al., 2005); others claim the ability to localize millimeter scale
cortical structures in humans (Cheng et al., 2001; Goodyear and
Menon, 2001; Zarahn, 2001).

There have also been animal studies examining the laminar
specificity of BOLD signals (Yang et al., 1998a; Lu et al., 2004;
Goense and Logothetis, 2006; Harel et al., 2006; Zhao et al., 2006).
These experiments show a tendency for GRE-BOLD signals to peak
toward the pial surface, but the results do not rule out the possibility
that GRE-BOLD can detect signals in different lamina. These
experiments were carried out at very high field strengths, typically
≥4 T. To our knowledge, only one study has examined the laminar
localization of GRE-BOLD signals at 3 T (Lu et al., 2004).

We therefore set out to evaluate the possibilities of sub-
millimeter sampling fMRI in the human brain using nearly
isotropic voxels at a field strength of 3 T. Functional signals in
early visual cortex (visual field maps V1, V2 and V3) were found
to be reliable; individual voxel time series followed stimulus
variations with satisfactory (~20 dB) contrast-to-noise ratio (CNR).
The activated voxels were distributed primarily in gray matter at
the positions expected based on the visual field maps and the
location of the visual stimulus.

From these high-resolution measurements, we derived maps of
functional cortical thickness that summarize the laminar activity
through the gray matter thickness. We mapped functional thickness
across the stimulated section of the posterior occipital lobe and
compared the results to structural thickness calculated from
separate high-resolution structural MRI volumes. In three healthy
subjects, we observe good agreement between functional and
structural thickness measurement (error <0.5 mm). A global
analysis of the data indicates that laminar profiles have a
stereotypical shape that follows the structural thickness of the
cortex. Our results demonstrate the feasibility of obtaining multiple
samples within the lamina of human cortex. The ability to measure
across the lamina should have applications for both general
neuroscientific research as well as clinical research on neurode-
generative disease.

Methods

Scanning techniques

Experimental protocol
Subjects viewed a high-contrast (~90%) flickering (4 Hz)

grating (3 cycles/°) within an annular mask that alternated in
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position from small eccentricity (0.6–1.2°, 9 s) to larger
eccentricity (1.8–2.7°, 9 s). We chose small, near-foveal visual
stimuli because they elicit a powerful response in superficial
posterior portions of early visual cortex (V1, V2 and V3), thus
allowing high SNR imaging with a properly positioned surface
coil. We prescribed eight 1-mm-thick or eleven 0.9-mm-thick
slices from the occipital pole running in an anterior direction,
perpendicular to the calcarine sulcus, in each of three healthy
subjects with normal or corrected-to-normal vision. During each
session we also collected an inplane reference anatomy that was
later used for co-registration with a high-quality structural
reference anatomy.

To control visual attention, subjects performed a continual
series of contrast-discrimination tasks upon the gratings while
maintaining central fixation (Ress et al., 2000; Ress and Heeger,
2003). Task difficulty was adjusted during the experiment to
maintain performance at 80–85% correct. Subjects first practiced
the task in a psychophysics laboratory to gain familiarity and
stable performance. Three subjects then performed the task in at
least two fMRI sessions consisting of at least 8 scans each lasting
~3 min.

In separate sessions, the boundaries of early visual areas V1, V2,
and V3 were defined using well-established retinotopic mapping
methods that have been extensively described (Engel et al., 1994;
Sereno et al., 1995; DeYoe et al., 1996; Engel et al., 1997). These
measurements were carried out using 17 1-mm-thick slices oriented
perpendicular to the calcarine sulcus and extending anteriorly from
the occipital pole. Inplane pixel size was varied from 0.8 to 3.2 mm
to assess the effects of voxel volume on the quality of the retinotopic
mapping.

In another set of separate sessions, high-resolution 3D volume
anatomies (0.6-mm isotropic voxels) were also obtained for each
subject.

MRI methods
We built a receive-only, circular, 6-cm-diameter surface coil to

produce images with an SNR advantage of 3–5 over a volume coil,
depending upon depth. Coil sensitivity was compared by
measuring SNR in the same gel phantom (TE ~70 ms, T1
~1200 ms) using both coils. The small surface coil was packaged
in a flexible epoxy material so that it could be placed directly upon
the head of the subject in a safe and comfortable fashion. By
choosing a tangential, quasi-coronal orientation at the back of the
head, we could limit our FOV to 10 cm.

A set of T1-weighted structural images were obtained on this
prescription at the beginning of the session using a RF-spoiled
GRASS sequence (min. TE, TR=100 ms, 45° flip angle, 0.59-mm
pixels). These images were used to align the functional data to the
segmented structural reference volume (see below).

For the functional imaging, a 6.4-ms windowed sinc pulse was
used to provide sharp slice-select resolution. We used a three-shot
(43 ms/shot) outward-spiral acquisition (Glover and Lai, 1998;
Glover, 1999; Pfeuffer et al., 2002a) to obtain an inplane pixel size
of 0.625 mm, or a two-shot (55 ms/shot) spiral to obtain 0.71-mm
pixels. Gradient specifications were: 40 mT/m peak and 150 T/m/s
slew. Acquisition bandwidth was 125 or 100 kHz. At these high
resolutions, TE=25 ms produced optimal functional contrast-to-
noise ratio. For the three-shot acquisition, total time per acquisition
was 78 ms, permitting eight slices in TR=666.7 ms, so that a
volume was acquired every 2 s. For the two-shot acquisition, total
time per acquisition was 90 ms, permitting eleven slices in
nal activity in the human brain, NeuroImage (2006), doi:10.1016/j.
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TR=1000 ms, so that a volume was also acquired every 2 s. We
developed real-time reconstruction and analysis software and
used the results as a form of quality assurance as each session
progressed.

The multiple shots were combined together after correction by
subtracting the initial value and linear trend of the phase (Pfeuffer
et al., 2002a). Registration of the functional and structural images
was generally very good, so k-space calibration of the gradients
was unnecessary. Image reconstruction was done by gridding with
a Kaiser–Bessel kernel using 2:1 oversampling. TE was incremen-
ted by 2 ms on the first frame to estimate a field map from the first
two volumes acquired, and this map was used for linear correction
of off-resonance image artifacts (Glover and Law, 2001).
Concomitant field effects arising during the readout gradients
were also corrected with a time varying phase (King et al., 1999).
Reconstructed images had a SNR of 9–15, depending upon their
depth.

The anatomical images collected in each session were used to
align the functional data to a structural 3D reference volume, which
was acquired for each subject in a separate session using a four-
channel, quadrature surface coil (Nova Medical, Wakefield, MA)
with sufficient sensitive volume to image the posterior 1/3 portion
of the brain. The structural reference volume is T1-weighted with
excellent gray–white contrast, and was acquired using a 3D,
inversion-prepared, RF-spoiled GRASS (SPGR) sequence (min. TE
and TR , T I = 300 ms , 15° f l ip ang le , voxe l s i ze
0.625×0.625×0.6 mm, 4 excitations, 24-min duration).

Image analysis

Functional data
We estimated the noise in the functional image by subtracting

the even and odd image volumes from one another. We computed
the standard deviation of this series to form a noise map within the
volume. An SNR estimate map was created by dividing the
temporal mean image by the noise map. SNR was generally high
enough (≥9) so that a correction for the Rician character of the
noise was unnecessary.

Time-varying artifacts driven largely by respiration were
present in each scan. These artifacts interfere with intensity-based
motion correction algorithms; hence we estimated in-scan motion
using a robust scheme (Nestares and Heeger, 2000) applied to a
boxcar-smoothed (5–7 frames) version of the fMRI time series
data. Between-scan motion was corrected using the same
intensity-based scheme, this time applied to the temporal average
intensity of the entire scan. The first scan of the session was used
as the reference. After motion correction, the several scans
recorded during each session were averaged together to improve
SNR.

The intensity of the averaged data was spatially normalized
to reduce the effects of coil inhomogeneity. The normalization
used a homomorphic method, that is, dividing by a low-pass
filtered version of the temporally averaged volume image
intensities with an additive robust correction for estimated
noise. It is important to perform the spatial normalization in this
fashion, rather than by dividing by the mean value on a voxel-
by-voxel basis, to avoid producing artifactually large amplitudes
near the edges of the gray matter where mean intensity values
were small. A sinusoid at the stimulus repetition frequency was
fit to the time series at each voxel, and from this fit we derived
volume maps of response amplitude, coherence, and phase.
Please cite this article as: David Ress et al., Laminar profiles of functio
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Structural data
Because structural volumes were also collected using surface

coils, they exhibited strong inhomogeneities on several spatial
scales. The longer scale length inhomogeneities were partially
compensated by using a homomorphic filtering scheme. The white
matter was then segmented from the corrected volume using the
mrGray application (Teo et al., 1997). The gray–white boundary
was plainly evident throughout the occipital lobe, permitting
accurate though time-consuming manual editing of the segmenta-
tion using mrGray. Segmentation of a single partial hemisphere
required 3–4 days of work by a trained human operator. A gray
matter segmentation was also obtained using morphological
methods (Teo et al., 1997). The first layer of this gray matter
was computationally flattened to assist in retinotopic analysis and
visualization of the cortical surface (Wandell et al., 2000).

The gray–white interface was interpolated from the completed
white matter segmentation using isodensity surface rendering. The
vertices of this surface were used as a reference for the laminar
calculations described below. A smoothed version of this surface
was used to facilitate visualization of data within the sulci.

Laminar analysis
A precise distance map was calculated between the gray matter

voxels and the vertices of the gray–white interface surface.
Specifically, for each voxel we calculated the smallest Euclidean
distance to any vertex on the surface. White matter voxels were
assigned a negative distance value (Fig. 1A). We use these
distances to measure laminar position.

The functional data were aligned to the segmented reference
volume using a robust, intensity-based method (Nestares and
Heeger, 2000) applied to the inplane structural images obtained for
each session. Using this alignment transformation, the responses
were resampled onto the reference volume voxels using cubic-
spline interpolation to minimize blurring. Thus, each volume voxel
was now associated with a complex response (amplitude and
phase) and a laminar coordinate.

We segmented small disks of gray matter from the cortical
sheet, and each small disk was then extended both inwards toward
the white matter and outward toward the CSF to form an
individual laminar neighborhood (Fig. 1B). This process was
repeated at 0.6-mm intervals along the cortical surface throughout
the entire prescribed volume. Although the process is conceptually
simple, great care was required because the inward and outward
extensions of the gray matter can potentially cross white matter
ribbons or sulcal boundaries to include additional inappropriate
gray matter.

The detailed process of laminar segmentation was as follows.
The gray–white interface surface was used as a reference. At each
vertex on this surface, a nominally 2.4-mm-diameter circular
neighborhood was defined by choosing voxels with distances
<1.5 mm along the manifold computed from the vertex (Fig. 1C,
red line; Dijkstras algorithm). However, because the voxel size was
comparatively coarse (0.6 mm), the diameter of the neighborhood
ranged from 1.8 to 3 mm with a mean value of 2.4 mm. Gray
matter normally adjacent to the neighborhood was identified
initially (Fig. 1C, yellow). From each vertex of the initial layer-1
neighborhood, we collected additional volume voxels both inward
and outward along the local gray–white interface surface normal
(Fig. 1C, green and magenta). Additional gray matter voxels
included by this extension were removed to avoid contention
across sulci or white matter (Fig. 1C, magenta). Thus, we obtained
nal activity in the human brain, NeuroImage (2006), doi:10.1016/j.
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a small disk-like region of gray matter together with its normally
adjacent white matter and superficial CSF and non-brain tissue
(Fig. 1C, brown outline).

We then created 0.6-mm bins of laminar position for the voxels
contained in each laminar neighborhood. Within each bin, we
calculated the amplitude of the mean complex response as a
univariate measure of functional activity. We refer to this plot as
the laminar amplitude profile associated with each surface vertex.
Please cite this article as: David Ress et al., Laminar profiles of functio
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We define the functional thickness, sf, for each laminar
amplitude profile from spatial moments of the laminar amplitude
profile, A(s):

# ¼
Z Smax

Smin

AðsÞds; ð1Þ

s̄ ¼ 1

#

Z Smax

Smin

sA sð Þds; ð2Þ

sf ¼ 2

"
1

#

Z Smax

Smin

ðs� s̄Þ2A sð Þds
#1=2

ð3Þ

where smin and smax are the boundaries of the laminar segmenta-
tion. We chose a nominal interval of [−2, 5] mm, but in practice the
geometry of the brain produces substantial variation in the limits of
the profile for particular laminar segmentations. For example, in
the depths of the sulci the outer boundary is often limited by gray
matter contention, while the inner boundary can be limited by the
thickness of the adjacent white matter. Note that the subtraction of
the laminar centroid, made sf less sensitive to alignment errors.
Thus, we associated the functional thickness with every vertex on
the gray–white interface, enabling the display of functional
thickness as a colormap overlay on the rendered surface.

To calculate the structural thickness of the gray matter, we
searched outward from each gray–white interface vertex within affiffiffi
2

p
-voxel-wide search cone defined along its surface normal to

find the number of gray matters layers in our morphological
segmentation. This provided an integer estimate of the gray matter
thickness at every point along the gray–white surface. The
structural thickness was then calculated as the mean thickness
averaged over each of the 2.4-mm-diameter circular neighborhoods
formed during the functional thickness calculation.

To further examine the character of the laminar profiles, we
developed a method to overlay them all using a normalization that
is analogous to the root–mean–square width calculation of Eq. (3).
The amplitude of each profile was normalized by dividing by its
spatial mean. The depth axis was normalized in three steps. First,
the depth values were divided by the local gray matter thickness
Second, the centroid position was subtracted to center each profile,
removing the effects of small misalignments. The profiles were
now all referenced to a coordinate system centered upon their
centroids. To allow interpretation of the profiles within our laminar
depth coordinate system, we then performed a third step, adding
Fig. 1. Segmentation methods: (A) coronal slice from a high-resolution (0.6-
mm-isovoxel) reference anatomy volume used for brain segmentation with
distance map overlay calculated with respect to the gray–white interface. (B)
Schematic representation of the laminar segmentation process, in which a
small circular disk of gray matter is extended inward toward the white matter
and outward toward CSF. (C) Coronal slice from the reference volume,
showing details of the laminar segmentation process. Red band indicates
initial gray–white interface. Yellow region shows initial gray matter
connected to and normally adjacent to the gray–white interface. Green
and magenta show tissue added during the normally directed extension
process. Final laminar neighborhood is surrounded by the brown line.
Magenta material was trimmed because of contention with the surrounding
gray matter.
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the mean centroid position to all profiles. We reasoned that the
mean centroid position averaged out misalignments, because it
appeared to have a normal distribution. Altogether, this procedure
provides a normalized depth coordinate system in which zero
corresponds to the gray–white interface and unity to the pial
surface.

More formally, this process tested to what extent there is a
stereotypical laminar profile Ā(sn), that describes the entire set of
laminar profiles {Ai(s)} so that each individual profile can be
written as

AiðsÞ ¼ biĀðTisn þ so;iÞ; ð4Þ
where Ti is the local thickness of the gray matter, sn is the
normalized laminar depth coordinate that is zero at the gray–white
interface and unity at the pial surface, so,i is an arbitrary offset to
account for misalignments, and bi is an amplitude scaling factor.
Choosing so,i= sī, and bi=Âi, we can invert Eq. (4) and obtain:

Ā snð Þc 1
N

XN
i¼1

1

#i
Ai

s� s0
T

� �
: ð5Þ

Errors shown for the mean laminar profiles are standard errors
of the voxel means, but we compensate for the smoothing across
the cortical sheet by multiplying these errors by square root of the
ratio of the cortical disk volume to the volume of a single voxel;
this correction factor is typically in the range of 3–4. As a check,
errors were also estimated as the standard errors across multiple
scans with similar results.
Results

The SNR of individual voxels in the functional images ranged
from 9 to 15 depending on the distance of the slice from the surface
coil. By comparison, SNR is typically ~100 for standard 3–5-mm
voxels measured with volume coils. Thus, despite instrumental
limitations imposed by reducing the voxel size, the signals remain
substantially above the noise. The voxels in these measurements
are ~0.4 μl. In visual cortex, 1 μl contains on the order of 5×104
Fig. 2. Characteristics of the high-resolution data: (A) one quasi-coronal slice of the
threshold of 0.5%. (B) Similar slice from the inplane T1 anatomy, with same overla
(D) Computationally flattened image of the gray matter with same overlay.
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neurons (Braitenberg and Schutz, 1991). Hence, the MR data in
each voxel correspond to approximately 2×104 neurons. A
conventional 3-mm isotropic voxel comprises 27 μl; if fully
contained within the gray matter, such a voxel corresponds to ~106

neurons.
The temporal mean of the functional (T2*-weighted) images

shows similar features and edges as the T1-weighted anatomy
images (compare Figs. 2A, B), though the T2*-weighted images
have lower edge contrast. Mean functional amplitudes are overlaid
on this image, thresholded by an amplitude of 0.5%. The sinusoidal
amplitude values are large, typically 1–3% (2–6% peak-to-peak),
consistent with a substantial reduction in partial volume effects.
The functional activity was quite reliable, with a median Z-score of
5.1 for individual voxels with activity >0.5%. Transforming the
activity into the segmented structural reference volume (Fig. 2C),
gives the impression that it is largely confined to the gray matter.
Although large activations that are clearly evident in vascular
structures outside of the brain (blue arrows in Fig. 2A), these
vascular artifacts appear only in distinct, infrequent, and spatially
limited regions.

The activation pattern follows the expected distribution based
on retinotopic maps in these regions. When visualized on a
flattened representation of visual cortex, high-amplitude activity
falls into two bands (Fig. 2D). In separate experiments, we
measured the retinotopic configuration of early visual cortex using
0.8×0.8×1.0-mm pixels and compared the results to more
standard resolution (3.2×3.2×1.0-mm voxels) measurements (data
not shown). The results were very similar. The retinotopic
correspondence between our stimuli and the measured functional
activity increased our confidence in the validity of the high-
resolution data.

Laminar profiles of the functional activity confirm that it is
largely confined within gray matter (Fig. 3). We illustrate this using
sample laminar neighborhoods chosen to positions on gyri and
sulci corresponding to moderate to strong activity. There is little
BOLD modulation in the white matter. The modulation amplitude
rises upon entering the gray matter, typically reaching a peak
between the center of the gray matter and its outer edge.
Amplitudes then fall off to noise levels in the superficial CSF or
mean functional image volume, overlaid with sinusoidal amplitudes above a
y. (C) Sagittal slice from the reference anatomy volume, with same overlay.
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non-brain tissue. Profiles in gyral (Fig. 3A) and sulcal (Fig. 3B)
regions were different, with gyral profiles tending to show a wider
region of activity and a more distinct peak, while sulcal profiles
were narrower and often appeared truncated at their outer
boundary. There is some variance in the laminar position where
the amplitude profile begins to rise near the gray–white boundary,
probably reflecting alignment errors. Note that the noise, as
indicated by the size of the error bars, increases with the peak
amplitude of the profile, so that low-amplitude profiles appear to
be as reliable as high-amplitude profiles. These data suggest that
the dominant noise source at these high resolutions continues to
have a multiplicative character, as previously observed at standard
resolution (Biswal et al., 1996; Wowk et al., 1997; Kruger and
Glover, 2001).

The measured functional thickness (Fig. 4A) generally agrees
with the observed structural thickness (Fig. 4B). Both measure-
ments of posterior visual cortex show a 1–3-mm range of thickness
values, with the thinnest gray matter in the sulci and thickest upon
the gyri, in agreement with previous structural gray matter
thickness studies (Fischl and Dale, 2000; Salat et al., 2004). Fig.
4C compares the structural and functional thickness measurements
for all activated regions (amplitudes >0.1%). The functional
thickness correlates with the structural thickness. The root–mean–
square (RMS) difference between the two estimates is 0.48 mm;
the correlation coefficient between the functional and structural
thickness is 0.66 (p≅0).The red line on the figure is a linear fit
forced to pass through the origin; the slope is very close to unity.
Some divergence from linearity is evident for the thicker gray
matter, where the functional thickness estimates a greater gray
matter thickness than the structural measurements. Laminar
profiles from these regions, evident as punctate red “spots” on
the functional thickness map, indicate that they are broadened by
vascular activations outside of the brain (Fig. 3C). Regions with
very low activation by the stimulus and task are particularly
vulnerable to these effects. Similar errors and highly significant
correlations were obtained for the other two subjects.

We tested the effects of misalignment between the functional
and structural reference volumes upon the functional thickness
measurements by intentionally and substantially misaligning data
Please cite this article as: David Ress et al., Laminar profiles of functio
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from one session both in rotation (1° rotations about sagittal and
coronal axes) and translation (0.5 voxels both in axial and coronal
directions). Total misalignment in the gray matter was as large as
1.5 mm. This misalignment did not much affect the correlation
between functional and structural thickness: RMS error increased
from ~0.5 to ~0.6 mm, and the correlation was still highly
significant (p≅0).

The functional thickness measurements were quite reliable from
session-to-session. For two of the subjects, we repeated the
measurements for two-or-more sessions using very similar
prescriptions, allowing us to make point-to-point comparisons of
the functional thickness measured in the two sessions (Fig. 4D).
For both subjects, there is agreement to an RMS value <0.4 mm.

We also performed a global analysis of the laminar profiles. As
a first step, all profiles were simply averaged to produce a global
mean profile (Fig. 5A). Because the gray matter thickness varied
over the activated region, we indicate the mean gray matter
thickness (vertical black line), and its standard deviation (dark
stippling). Several regularities are evident. First, there is little
activity in the white matter. Recall that because these are amplitude
measures, the expected value of noise is positive. The signals in the
white matter are at the noise level. Detailed examination of the data
indicates that voxels fully within the white matter measured very
small signals. However, in the activated region of cortex that we
sampled, the white matter was often very thin, so even our small,
nearly cubic voxels were subject to partial volume effects. Second,
there is a peak in activity within the gray matter. Third, there is a
minimum response 2.2 mm above the gray–white boundary, which
also has relatively low noise. Because the mean gray matter
thickness is also 2.2 mm, this minimum of activity is near the pial
surface. Fourth, there is a region of noisy activity in the superficial,
probably vascular, tissue outside the gray matter. Fifth, amplitudes
drop off at larger distances probably reflecting measurements in
other tissues such as dura and skull. This general pattern of laminar
activity was evident in all three subjects.

The agreement between the functional and structural thickness
maps suggested further analysis. It could be that the laminar
profiles were varying in a some intricate fashion within the gray
matter, but some process just happened to make the RMS-width
nal activity in the human brain, NeuroImage (2006), doi:10.1016/j.
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Fig. 4. Maps of gray matter thickness: (A) functional thickness; (B)
structural thickness; (C) plot of functional versus structural thickness; (D)
functional thickness compared across two sessions.

Fig. 5. Global character of the laminar amplitude profiles for one session.
(A) Global mean profile. (B) Normalized amplitude profiles and their
corresponding mean (red); for clarity, only the measurement points are
shown for the individual profiles.
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moment of the profiles (Eq. (3)) agree with the structural thickness.
Alternatively, the agreement could suggest that the laminar profiles
vary in a stereotypical or self-similar fashion with gray matter
structural thickness, becoming thinner within the thinner gray
matter of the sulci and thicker within the thicker gray matter upon
the gyri (Methods, Eq. (4)). To distinguish between these
interpretations, we normalized all profiles; amplitude was normal-
ized by dividing by the mean, and the depth coordinate was
normalized so that the origin is at the gray–white boundary, and
unity is at the pial surface (Methods, Eq. (5)). The results are
shown in Fig. 5B (black points), and the mean normalized laminar
profile is also plotted (red). With this dual normalization, the
profiles all cluster around the global mean, suggesting that the
laminar profiles are largely self-similar within human gray matter.
We used the mean cross-correlation of all individual profiles upon
the mean profile as a measure of their similarity. Without the
normalization, the mean cross-correlation was small (subject 1,
0.03; subject 2, 0.17; subject 3, 0.18). With the normalization, the
mean cross-correlation increased significantly (subject 1, 0.52;
subject 2, 0.56; subject 3, 0.49; p≈0 for all sessions). The
normalized profiles had similar shapes for all subjects and in all
sessions; the location of the peak occurred at a normalized
nal activity in the human brain, NeuroImage (2006), doi:10.1016/j.
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coordinate of 0.77±0.08 (error is standard deviation across
sessions).

Discussion

High-resolution (<0.5-μl voxel volumes) is both feasible and
fruitful when performed using conventional BOLD-sensitive
GRE imaging at the clinically approved field strength of 3 T.
Reliable functional activity can be measured despite the low
SNR of the individual T2*-weighted images for two reasons.
First, the small voxels greatly reduce partial volume effects so
that much larger signals are observed (Hoogenraad et al., 1999;
Logothetis et al., 2002; Yacoub et al., 2003), and second, noise is
reduced by the substantial temporal averaging typically employed
during fMRI experiments. Altogether, we were able to obtain
reliable activation over early visual cortex using ~0.4 μl voxels.
Because the human cerebral cortex is extremely convoluted, it
seems critical to use very nearly isotropic voxels to resolve
functional activity in the depth of the cortex. The use of spiral
trajectories appears particularly effective for high-resolution
applications, offering efficient use of gradient power and
producing excellent correspondence between functional and
structural images. MRI using spiral acquisitions requires only
simple navigation corrections that enable effective acquisition
segmentation (Glover and Lai, 1998; Glover, 1999; Pfeuffer et
al., 2002a). However, high-resolution imaging at 3 T plainly
requires the use of small surface coils to achieve the necessary
image SNR (Hoogenraad et al., 1999; Goodyear and Menon,
2001; Pfeuffer et al., 2002b; Formisano et al., 2003). At present,
this substantially limits the FOV, but parallel imaging techniques
(e.g., Blaimer et al., 2004), will permit a larger sensitive volume.
Nevertheless, spin density places the ultimate limit on spatial
resolution for a given magnetic field strength. High resolution at
3 T therefore requires lengthy segmented acquisitions, which
limits the slice coverage.

Careful and extensive image processing is also required to
allow laminar analysis of the high-resolution signals. The largely
manual analysis performed for this article is too labor intensive
for practical widespread use. The most onerous analysis step is
the segmentation of the highly inhomogeneous high-resolution
structural image volumes. It is possible to ease this procedure
somewhat by making use of conventional (~1-mm-voxel
resolution) whole-brain structural volume segmentations to
initiate the process. In this scheme, the whole-brain structural
volume is first aligned to the high-resolution volume. The whole-
brain white matter segmentation then provides a reasonably
accurate starting point for manual editing, reducing the editing
time substantially. Using this method, a single partial (posterior)
hemisphere was segmented in only one day of labor, a 3- to 4-
fold improvement. Further improvements may be possible by
modifying existing automatic methods to also take advantage of
the standard resolution segmentation as a starting point, but such
efforts will still have to deal with confounding effects of the
multi-scale spatial inhomogeneities and contrast-to-noise ratio. In
fact, our experience with the existing automatic methods at
standard resolution shows them to be consistently error-prone in
highly convoluted regions of cortex such as the posterior
occipital lobe. Manual editing is always required for precise
segmentation. Thus, further refinement of automatic segmentation
techniques for high-resolution volumes may not be fruitful in the
near term.
Please cite this article as: David Ress et al., Laminar profiles of functio
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These high-resolution measurements show laminar profiles that
are largely consistent with previous studies in animal models that
show GRE-BOLD activity rising mostly monotonically from the
gray–white interface and peaking near the pial surface. One study
made laminar measurements in rat barrel cortex which showed that
GRE-BOLD signals were largely confined to the gray matter, but
laminar activity profiles tended to peak closer to the pial surface
than corresponding neural activity (Lu et al., 2004). Another study
investigated laminar profiles in primary visual cortex of anesthe-
tized cats using very high resolution fMRI combined with
histology, and indicated detailed disagreement between GRE-
BOLD activity as compared to SE-BOLD (Harel et al., 2006).
Specifically, while GRE-BOLD laminar activity profiles did
resolve an activity peak in the vicinity of input layer IV, this peak
was superimposed upon a larger trend that appeared to peak just
within the pial surface. Their average profiles (Fig. 5 in Harel et al.,
2006) indicated that this peak occurred at a normalized laminar
distance of 0.89 in our coordinates. Precisely the same peak
location was observed for GRE-BOLD laminar profiles in another
study of cat visual cortex that combined fMRI and histology (Zhao
et al., 2006). Similar results were reported in monkey primary
visual cortex (Goense and Logothetis, 2006), with strong signals
evident at the pial surface for GRE-BOLD, and these edge effects
appear to decrease as the T2 weighting of the acquisition is
increased.

A common theme regarding laminar activity measurements
using GRE-BOLD in all of these studies concerns possibly
dominant effects of vascular elements at and immediately super-
ficial to the pial surface of the brain (Lee et al., 1999; Duong et al.,
2003). Our results show activation at the pial surface, but this
activation is lower than in the gray matter. There are two reasons
why our results may disagree. First, we made use of nearly
isotropic voxels. Human gray matter is convoluted at such a fine
scale that there is no symmetry available to permit the use of thick
slices. Although these effects should be less pronounced in animals
because the cortical surfaces are much less convoluted, the degree
of anisotropy employed has been very high, e.g., 13:1 in (Harel et
al., 2006), and the absence of through-plane curvature effects has
not been demonstrated. Partial volume effects caused by the highly
anisotropic voxels used in previous studies may have tended to
artificially amplify responses near the edges of the gray matter. A
second source of disagreement could be the way in which we
normalize our functional data. We divide by a low-pass filtered
version of the temporal mean data to remove only the low spatial
frequency trends in the data. The more typical method, dividing
directly by the temporal mean, can also amplify partial volume
effects at sharp contrast boundaries such as the edge of the brain
where the T2*-weighted signal levels are small (Fig. 6). It is worth
noting that SE-BOLD images do not exhibit as sharp a contrast
boundary at the pial surface as GRE-BOLD images, so they are
less prone to these normalization issues. Thus, our efforts to avoid
these partial volume and normalization effects may have lead to the
observation of less activity near the surface of the brain in GRE-
BOLD fMRI.

Our measurements do indicate that activity from superficial
vascular regions is present, and methods should be developed to
avoid it. The functional metric tends to overestimate the thickness
of the gyral gray matter, probably because vascular artifacts tend to
occur adjacent to the edges of some gyri. However, in the current
data these effects are mostly evident where the functional
amplitudes in the brain are relatively low (Fig. 4C). Further
nal activity in the human brain, NeuroImage (2006), doi:10.1016/j.
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Fig. 6. GRE-BOLD amplitudes obtained using two forms of normalization:
(A) dividing by the temporal mean of each voxel's time series; (B) dividing
by a low-pass-filtered version of the temporal mean with a robust correction
for noise. Green arrows indicate two regions particularly affected by the
spatial normalization.
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experiments will be necessary to fully assess the effects of vascular
artifacts on human laminar profiles.

The measurement of these laminar profiles could be useful for
neuroscience studies of the healthy human brain. Neocortex has a
well-known laminar structure, and the ability to distinguish
activity differences between these laminae in awake and behaving
humans would be tremendously valuable in elucidating computa-
tional circuits and mechanisms. It has been observed that vascular
density (and therefore perfusion) is systematically variable through
the depth of cortex, with some correspondence to the cytoarch-
itectural laminar structure (Duvernoy et al., 1981; Bell and Ball,
1985; Duvernoy, 1999). We confirm previous observations indi-
cating that GRE-BOLD laminar profiles tend to peak in the more
superficial layers of cortex (Lu et al., 2004; Goense and
Logothetis, 2006; Harel et al., 2006; Zhao et al., 2006). This
could indicate that intravascular components of the BOLD signal
are stronger in the superficial layers. While this effect would
spatially bias the laminar profiles, it does not rule out the
possibility of performing differential measurements of laminar
profiles. In fact, our experimental protocol emphasized the effects
of subjects' visual attention, and there is evidence from unit
electrophysiology that attention tends to increase signals in the
superficial layers of visual cortex (Mehta et al., 2000). Moreover,
our experiments were carried out in awake humans rather than
Please cite this article as: David Ress et al., Laminar profiles of functio
neuroimage.2006.08.020.
anesthetized animals, and the different states of consciousness and
species confound the comparison. Thus, it has not yet been
demonstrated if differential laminar functional activity can be
inferred in the human brain using GRE-BOLD contrast. Further
experiments using high-resolution isovoxels in human cortex and
robust spatial normalization to avoid edge artifacts will be
necessary to elucidate this point.

We have demonstrated that laminar activity profiles measured
in healthy human gray matter have a self-similar character with
respect to gray matter thickness (Fig. 5). This quality permits the
use of GRE-BOLD to measure functional thickness, a novel and
potentially useful form of gray matter morphometry. The
measurement of gray matter morphology with structural MRI has
been a useful tool in the study of brain pathology (Courchesne et
al., 1993; Oster et al., 1993; Magnotta et al., 1999; Fox et al., 2001;
Fischl et al., 2002; Rosas et al., 2002; Kuperberg et al., 2003;
Sailer et al., 2003; Salat et al., 2004; Selemon et al., 2004;
Yamasue et al., 2004). Most work has tended to measure volumes,
but in recent years, the analysis of MR images has become quite
sophisticated, permitting the accurate measurement of gray matter
thickness with sub-voxel accuracy (Fischl and Dale, 2000; Rosas et
al., 2002; Kuperberg et al., 2003; Sailer et al., 2003; Salat et al.,
2004). Such methods have detected gray matter thickness changes
(usually losses) with aging (Salat et al., 2004), schizophrenia
(Kuperberg et al., 2003), Alzheimer's disease (Fischl et al., 2002),
and multiple sclerosis (Sailer et al., 2003; Matthews, 2004). While
these methods have measured gray matter thickness or volume
changes within populations, these strictly structural measurements
do not reveal the underlying changes in physiological function that
led to the loss of cortical thickness. For example, in Alzheimer's
disease the laminar profile of functional activity could be modified
by pathology, e.g., by disconnection caused by the disruption of
myelination (Bartzokis, 2004), or by microvascular changes (Kril
and Halliday, 2001). In multiple sclerosis there is substantial
evidence for focal changes in functional activity (Hoogenraad et
al., 1999; Matthews, 2004; Matthews et al., 2004); it would be
useful to investigate if these changes are associated with variations
in functional thickness. Deviations from the observed stereotypical
pattern of laminar activation will appear as changes in functional
thickness, making it possible to detect pathology by measuring
differences between structural and functional thickness. Such
functional changes could precede the irreversible loss of gray
matter, permitting earlier detection and more effective treatment of
neurodegenerative disease, and enhancing research into its causes
and cures.
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