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Since the commencement of functional magnetic resonance imaging

(fMRI), great effort has been put into increasing its spatial resolution

and signal specificity from vessel-weighted to more tissue-specific

signals. The working assumption is that the ‘‘tissue’’ signals closely

mirror changes at the neuronal level. While great progress has been

made, the basic and most fundamental questions remain unanswered:

where in the gray matter do these ‘‘tissue fMRI’’ changes occur?

Recently, the temporal correspondence of hemodynamic-based

fMRI signals and neurophysiological activity was explored. The data

suggest, although not conclusively, that the local field potential (LFP)

response gives a better estimate of changes that accompany increased

neuronal activity. LFP are thought to be generated by synaptic activity

reflecting input signals into layer IV within a cortical region. If so, the

spatial distribution of the fMRI signal should be specific to the

corresponding cortical lamina.

Here, in a combined imaging and histological study, the spatial

characteristics of fMRI signals across the lamina were explored. In a

high-resolution fMRI study (0.15 � 0.15 � 2 mm3), the spatial

specificity of fMRI signals was correlated with the underlying cortical

laminar cytoarchitectonic obtained within the same animal and tissue

region. We demonstrate that when surface vessels are excluded high-

resolution fMRI signals peak at cortical layer IV.

D 2005 Elsevier Inc. All rights reserved.

Introduction

Functional magnetic resonance imaging (fMRI; Kwong et al.,

1992; Ogawa et al., 1992) has significantly increased our

knowledge of brain function and the neural basis of human

cognition. The methodology is based on detecting MRI signal

alterations which reflect changes in cerebral blood flow, blood

volume and oxygen consumption rate. Since its introduction,

blood-oxygen-level-dependent (BOLD; Ogawa et al., 1990) fMRI

has emerged as one of the most commonly employed method-
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ologies for studying brain function. As a result, great effort has

been put into better understanding of its neuronal correlations with

the goal of increasing the spatio-temporal resolution and specific-

ity of these hemodynamic-based signals (Ugurbil et al., 2003).

These efforts focused predominantly on suppressing draining

vessel contributions and boosting tissue or capillary signals

(Duong et al., 2001; Yacoub et al., 2003), all with the assumption

that gray matter or ‘‘tissue’’-fMRI signals closely mirror changes

at the neuronal level.

A quantitative relationship between the BOLD signal and

spiking activity was explored by several groups, suggesting a

linear correlation (Heeger et al., 2000; Ress et al., 2000). More

recently, the temporal correspondence between these hemody-

namic signals and neurophysiological activity was explored.

Based on concurrent measurements of single- and multi-unit

recordings with either BOLD fMRI signals in the monkey visual

cortex (Logothetis et al., 2001) or cerebral blood flow (the most

dominant contributor to BOLD signals) in rat cerebellum

(Mathiesen et al., 1998), the local field potential (LFP) response

rather than spiking activity is thought to give better estimates of

the physiologic and metabolic changes that accompany increased

neuronal activity.

In cerebral cortex, the laminar distribution of neurons gives rise

to six anatomically and functionally distinct layers, numbered

sequentially from the surface to the white matter. Each layer

receives input from, and projects to, distinct locations. For

example, in primary visual cortex, layer IV is the main input layer

from the thalamic nuclei; upper layers project mainly forward to

higher order visual areas, while deeper layers project mainly

backwards to subcortical structures. Thus, based on the functional

neurophysiological findings (Mathiesen et al., 1998; Logothetis et

al., 2001), the spatial distribution of fMRI signals should be

specific to the foci of the input layers. However, the spatial

correspondence of the fMRI signals and the anatomical config-

uration has never been concurrently investigated at the cortical

laminar level.

Here, in a combined imaging and histological study, we

demonstrate that high-resolution tissue fMRI signals peak at

cortical layer IV.
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Materials and methods

Animal preparation

Cats (n = 3) were prepared as described previously (Harel et al.,

2002). The animals were kept under isoflurane anesthesia

throughout the experiment (1% in a N2O:O2 mixture of 70:30).

Blood pressure, end-tidal CO2 and body temperature were

maintained at normal conditions. Visual stimuli consisted of

binocular 40-s high-contrast square-wave moving gratings (0.15

cyc/degree, 2 cyc/s). All MR experiments were performed on a 9.4

T/31 cm magnet (Oxford, UK) equipped with a console by Varian

Inc., (Palo Alto, CA, USA).

Coils and slice selection

To maximize signal sensitivity, two different coils were used.

For the fMRI study, a small (ID 1.4 cm) transmit and receive coil

with high sensitivity was used. For the 3D anatomical images,

where more uniform excitation profiles are needed, a larger coil was

used. The coils were uncoupled and driven independently.

A single coronal slice perpendicular to area 18 (crossing at

Horsley-Clark AP2) was used for the functional study. To

adequately resolve fMRI signals across the tissue, high in-plan

resolution was needed (see below). Due to SNR limitations, a 2 mm

slice thickness was used. To minimize partial volume effects in the

image plane, the functional slice was chosen in a relatively flat

section of area 18, having a comparatively uniform representation of

the cortical layers within the imaged plane. Anatomic images were

obtained using T1-weighted 2DTurboFLASH and a T1-weighted 3D

gradient echo multi-slice (GEMS) sequence with a matrix size of

128 � 128 � 128 over a field of view of 5 � 5 � 5 cm3.

Functional MRI parameters

Two contrast mechanisms were used for the functional studies:

BOLD and CBV-weighted signals. In addition, two imaging

sequences were used, Gradient Echo (GE) and Hahn Spin Echo

(HSE). Initially, GE- and HSE-BOLD contrast responses were

measured. Next, CBV-weighted changes were measured following

a bolus injection of monocrystalline iron oxide nanoparticles

(MION) (Kennan et al., 1998; Mandeville et al., 1998) (10 mg Fe/

kg) using a GE EPI acquisition. Image parameters for the GE were:

data matrix = 128 � 128, 4 segment EPI, field of view (FOV) =

1.92 � 1.92 cm2. Slice thickness = 2 mm and TE/TR = 20 ms (10

ms with MION)/1 s. The scan time for 1 image (4 segments) was 4

s. The flip angle used was 60- corresponding to the Ernst angle.

For the HSE EPI sequence, a reduced FOValong the phase encode

direction was applied using a selective refocusing pulse. This

allowed us to reduce the number of segments needed for the high-
Table 1

Statistical significance differences in signal amplitudes

P values Cat 1 Cat 2

I II/III V/VI I II/III V/V

GE-BOLD <0.001 0.913 0.005 <0.001 0.044 <0.

HSE-BOLD 0.016 <0.001 <0.001 0.009 0.09 <0.

CBV-weighted 0.109 0.181 <0.001 <0.001 0.669 <0.

To determine whether signal changes at layer IV were statistically different from ne

and layers V and IV, respectively. Averaged data are shown in the right column (
resolution images. Imaging parameters: FOV: 3.84 � 0.96 cm2

(matrix 256 � 64); slice thickness = 2 mm; 2 segments. TE/TR =

40 ms/2 s. The scan time for 1 image was 4 s. Both image

sequences yielded an in-plane resolution of 0.15 � 0.15 mm2

without any zero filling. The EPI readout time at this spatial

resolution was 0.7 ms for a single line of k-space. Both GE- and

HSE-weighted acquisitions had 32 readout lines per segment,

yielding a total readout time of 22.4 ms, thus the spatial blurring

due to the EPI readout is negligible (Haacke et al., 1999).

Functional MRI data processing was performed with the

Stimulate software (Strupp, 1996) and a home written Matlab code

(The MathWorks, Inc.). No temporal or spatial smoothing was

applied. The MR signals were cross-correlated with the stimulation

paradigm to identify active pixels using an ideal boxcar function

that emulated the stimulus protocol (Bandettini et al., 1993).

Data analysis

Signal profiles were generated by plotting averaged multiple

lines (typically 7 � 1 mm) across the dorsal segment of the

marginal gyrus (area 18; see also Fig. 3e). This region was chosen

for several reasons; the visual stimulus was optimized to elicit

responses from neurons in area 18 (Movshon et al., 1978); the

close proximity to the coil allowed higher sensitivity, and the

region has relatively uniform curvature.

To determine whether signal changes at layer IV were statisti-

cally different from neighboring layers, a t test was computed

between layer IV and layers I, II/III and the infragranular layers

combined (layers V and IV) (Table 1). For quantification analysis,

the data from the 3 cats were pooled. To align the spatial

distribution of signal changes from different cats with different

lamina widths, signal change profiles were resampled non-linearly

to exhibit an equal number of samples in each cortical layer based

on a reference (cat #2). To maintain an unbiased resampling, a

linear interpolation was used to estimate intermediate values. To

quantify the signal changes as a function of cortical lamina

between animals, a normalization process was done. Since the

absolute MR signal level heavily depends on instrumental factors

such as coil position and gain, as well as on physiological factors,

such as mean blood pressure, the absolute signal changes were

converted to express the ratio of signal change at each of the layers

(I, II/III, V and IV) relative to the signal change at layer IV (e.g.,

layer I/layer IV), within each animal and are summarized in Table

2. Error bars in Fig. 5 indicate one standard deviation.

Co-registration of MRI and histology

The co-registration of the MR images with the histology

preparation was achieved manually by a multi-stage aligning

process. Initially, the 3D GEMS volume was loaded into
Cat 3 Averaged (n =3)

I I II/III V/VI I II/III V/VI

001 <0.001 <0.001 0.039 <0.001 0.003 0.004

001 0.737 0.04 0.005 0.066 <0.001 0.001

001 <0.001 0.278 <0.001 <0.001 0.841 <0.001

ighboring layers, a t test was computed between layers IVand layers I, II/III

see Materials and methods). Values represent P values.



Table 2

Relative signal changes as a function of cortical lamina

Ratios Cat 1 Cat 2 Cat 3 Averaged

I II/III V VI I II/III V VI I II/III V VI I II/III V VI

GE-BOLD 2.75 1.24 1.04 0.85 1.46 0.96 0.68 0.71 2.03 1.81 0.82 0.78 2.08 1.34 0.85 0.78

HSE-BOLD 0.72 0.68 0.90 0.78 0.75 0.34 0.74 0.67 0.71 0.77 0.8 0.71 0.73 0.60 0.81 0.72

CBV-weighted 0.83 1.01 0.81 0.70 0.75 1.03 0.59 0.37 0.20 0.82 0.61 0.46 0.59 0.96 0.67 0.51

To compare between animals and compensate for different baseline signal levels, the absolute MR signal changes in each layer were converted to the ratio of

signal amplitude changes between layers I, II/III, V and VI relative to signal changes in layer IV.

N. Harel et al. / NeuroImage 29 (2006) 879–887 881
BrainVoyager (BrainInnovation, Netherlands). The 3D coronal

image (Fig. 1) was matched with the T1-weighted EPI image of the

functional slice (e.g., see also Fig. 4b). Multiple visible anatomical

landmarks were used in this stage such as the shape, curvature and

orientation of the marginal gyrus; shape and orientation of the

white matter innervating across the tissue; shape and curvature of

the cingular sulcus; shape and depth of the lateral sulcus; and the

shape and width of the corpus callosum.

The 3D volume was then resliced with a dorsal view (trans-

versal plane) while keeping the location of the coronal slice (A–P

axis) marked. Thus, the location of the coronal functional plane

was indicated on the cortical surface (Fig. 1, bottom left). A set of

digital photographs of the intact brain was taken with a dorsal view

(Fig. 2). Then, the MR image in the transverse plane (Fig. 2a) was

aligned with a photographed dorsal view of the intact brain (Fig.

2b); visible anatomical landmarks such as the midline, sulci and

imprints of large surface vessels which appear in the MR image

were used (Adobe Photoshop). Once the image plane was
Fig. 1. Slice selection. A 3D volume of the cat’s brain is displayed in 3 planes: s

right) corresponds to the slice used in the functional studies. A dorsal view of th
determined (Fig. 2c), a 3 mm cortical slab was sectioned, and

the block underwent histological preparation. The accuracy of the

matching technique, in the A–P axis, is at most 2 mm

corresponding to the slice thickness of the EPI images. Thus, the

functional slice was chosen to be in a relatively flat section of area

18, minimizing the cytoarchitectonic variance within the image.

Histology

Following the MR session, the animals were transcardially

perfused with 0.1 M phosphate-buffered saline followed by a 4%

paraformaldehyde (PA) in 0.1 M phosphate buffer. The brain was

removed and was postfixed in 4% PA. Digital photographs were

taken of the intact fixed brain. A 3 mm cortical slab (see above) was

extracted. The cortical slab was then sectioned with a 15 Am slice

thickness with a cryostat and stained with cresyl violet (Nissl).

Figs. 3a and b show a high-resolution T1-weighted image of the

slice used for all functional studies and a low-magnification
agittal (SAG), coronal (COR) and transverse (TRA). The coronal slice (top

e brain marked with the functional slice (lower left).



Fig. 2. Alignment of MR image with the intact brain. A dorsal view MR image with the marked functional slice (a) is aligned with a digital photographed dorsal

view of the intact brain (b). Visible anatomical landmarks are indicated (green lines). Once the two images are aligned, the location of the coronal slice is

superimposed (horizontal line) on the full view photograph of the brain (c) and is used as a blueprint for sectioning and extracting the corresponding cortical slab.
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photograph of the corresponding Nissl stain, respectively. Note the

high resemblance between the two images. To identify and classify

cells, the histologically stained slices were viewed with a micro-

scope (Olympus BX60). Figs. 3c and d are two examples of higher

magnification images taken from the regions that the fMRI signals

were recorded. The cortical surface is indicated (Fig. 3c; top right).

The lamination of the cortical tissue is essentially based on the

disposition of cell bodies of various types, sizes and cell densities.

To identify the border between layers, the histological slide was

viewed under a high-power magnification. The first clear

observation is an area which is only lightly stained. This region

is layer I (Fig. 3c). Moving downward and deeper across the tissue,

a sudden increase in cell density is observed (arrow). This is the

border between layers I and II. Layer II is populated by small

pyramidal cells that are concentrated at its upper border. With

increasing depth, the small pyramidal cells gradually give way to

larger ones. This progressive increase in the size and the more

distributed nature of the neurons with depth continue into layer III,

however, there is no distinct boundary between layers II and III

(O’Leary, 1941). The lower portion of layer III is characterized

with large pyramidal cells with irregular-shaped cell bodies,

‘‘border pyramids’’, which demarcate the lower border with layer

IV (arrow). In general, neurons in layer IV are small and more

closely packed.

Another example is shown in Fig. 3d which was taken from a

deeper section of the border between gray and white matter (WM).

The neurons in layer VI tend to be arranged into vertical stacks and

columns that are separated by clear spaces that do not contain

staining afferents and efferent axons (left hand side in Fig. 3d).

Layer V is more characterized by mid size pyramidal cells which

are more sparse. Thus, by using the well-defined features of

neuronal arrangements, we defined the boarder between cortical

layers within the image plane.

Due to the high magnification used, a limited field of view is

obtained. Therefore, to generate an image of the entire coronal

slice, a series of multiple high magnification images were captured.

Then, a mosaic of these individual frames was used to reconstruct

one image (Fig. 3e). The outcome is an image of the histological-

stained slice of primary visual cortex corresponding to the slice
used for the fMRI study (Fig. 3e; outlined in Fig. 3b). The borders

between the layers are superimposed (Fig. 3e; white lines). Thus,

we obtained the anatomically defined borders between cortical

layers within our imaged plane.

One major concern when dealing with histological slides is the

known problem of tissue shrinkage as a result of the dehydration

process. However, tissue shrinkage occurs linearly (Schuz and

Palm, 1989), thus, it does not affect the relative dimensions of the

cortical layers.
Results

Utilizing a high magnetic field (9.4 Tesla (T)), we have

acquired fMRI signals at ultra high resolution (0.15 � 0.15 � 2

mm3) across cortical layers of the anesthetized cat visual cortex

(Fig. 4). In addition, the corresponding cortical tissue underwent

histological staining to anatomically define the laminar borders

within the imaging plane. Thus, combined with different imaging

contrasts, the spatial laminar origin of fMRI signals was inves-

tigated. In each study, BOLD contrast was measured using two

different imaging sequences, the conventional T2*-weighted

Gradient Echo (GE) and the Hahn Spin Echo (HSE) T2-weighted

sequence which, at high magnetic fields, is expected to have better

specificity to the microvasculature (i.e., capillary and smaller size

venules) (Boxerman et al., 1995). Subsequently, cerebral blood

volume (CBV)-weighted changes were measured following a bolus

injection of monocrystalline iron oxide nanoparticles (MION)

(Kennan et al., 1998; Mandeville et al., 1998), an exogenous MRI

contrast agent with a long blood half life. A single coronal slice

orthogonal to the cortical surface was used (Figs. 4a and b). In all

three functional maps, spatially defined and localized signal

changes were confined to the primary visual areas (Brodmann’s

areas 17 and 18; medial and dorsal parts of marginal gyrus,

respectively) and followed closely the gray matter contour during

a visual stimulation task consisting of 40 s of drifting bars (Figs.

4c–e). The activation patterns were not uniform across the cortical

tissue. When the surface regions that contain large vessels were

excluded, a strip of elevated signal changes centered over the



Fig. 3. Co-registration of MR image with the corresponding cortical tissue. Following the imaging session, the brain was removed, and the imaged slice was

identified in the intact brain. (a) High-resolution T1-weighted image of the slice used for all functional studies. (b) Low-magnification photograph of the

corresponding Nissl stain (histology) of the same region. Note the high resemblance between the two images. (c and d) High-magnification photographs of

cross sections across the gray matter in primary visual cortex. White arrows indicate borders between cortical lamina. (e) A mosaic reconstruction of high-

magnified Nissl-stained images (right hemisphere) of cortical tissue corresponding to the imaged plane (outlined in panel b). White lines: the anatomically

defined borders between cortical layers. Black lines: region used for plotting signal profiles (area 18). Scale bar = 1 mm. WM = white matter.
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gray matter was observed in all maps, most pronounced in the

CBV-weighted maps.

To determine the cortical laminar derivation of these peak tissue

signals, we developed a method to identify and extract the cortical

slab corresponding to the MR image plane so that the borders

between the cortical layers in the imaged slice could be

anatomically defined. In order to compare the histology data with

the translaminar functional imaging signals, raw stimulus-evoked

fMRI signal changes (DS) were plotted across the tissue as a

function of cortical depth (Fig. 5); these DS plots were generated

without applying any statistical threshold to classify the pixels as

‘‘activated’’ or not. The abscissas represent distance from the

surface down to the white matter (see Materials and methods). The

anatomically defined borders between the layers (e.g., as derived in

Fig. 3e) were superimposed. To show the consistency of our

findings, signal profiles from three cats, generated with similar

analysis, are shown. In addition, the data from the 3 cats were
normalized with respect to laminar distance and pooled together

(see Materials and methods).

Spatial specificity of GE-BOLD signal

The largest GE-BOLD signal changes occurred mainly at the

cortical surface presumably from superficial cortical vessels (Figs.

4c and 5 top row). The signal changes at the surface region/layer I,

was more than double when compared to changes at layer IV and

seemed to ‘‘spillover’’ into layer II/III. This observation is

consistent with previous theoretical and experimental findings

which indicate that GE-BOLD signals retain a non-specific

component (i.e., draining vessels) even at high magnetic fields

due to extravascular BOLD effects that fall in the static averaging

(dephasing) domain (e.g., Ogawa et al., 1993). The GE-BOLD data

must also contain signals originating from the microvasculature;

although the microvascular contribution relative to larger vessels is



Fig. 4. High-resolution fMRI (0.15� 0.15 mm2 in-plane resolution). Cross correlation activation maps for a 40-s drifting bars stimuli. (a) A schematic illustration

of the slice selection. (b) T1-weighted coronal image across primary visual cortex. (c) Gradient Echo (GE) BOLDmap; (d) Hahn Spin Echo (HSE) BOLDmap; (e)

contrast enhanced GE CBV-weighted (MION) maps. Signal changes were confined to the primary visual areas and closely followed the gray matter contour. In all

three maps, a spatially defined band of elevated signal changes was centered over the gray matter. A: anterior; D: dorsal; Scale bar = 1 mm.
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smaller in GE-BOLD, it increases approximately supra-linearly

with the magnetic field (Ogawa et al., 1993; Yacoub et al., 2003).

A localized increase in GE-BOLD signals was indeed observed

over layer IV (Figs. 4c and 5 top row).

Spatial specificity of HSE-BOLD signal

When compared to GE-BOLD, HSE-BOLD is expected to have

significantly better specificity at high magnetic fields (Duong et al.,

2003; Yacoub et al., 2003, 2005), albeit at the cost of a decrease in

the magnitude of stimulus-evoked signal changes. The improved

specificity is ascribed to the enhanced sensitivity to the micro-

vasculature via extravascular BOLD, while the potentially non-
Fig. 5. fMRI signal changes as a function of cortical depth. Raw fMRI signal chan

tissue as a function of cortical depth. The abscissa represents distance from the surf

layers are superimposed. To show the consistency of our findings, signal profiles f

Materials and methods). Error bars = 1 SD. *P < 0.005 compared to signal chan
specific intravascular component rapidly diminishes with increas-

ing field magnitude due to the shortening of the apparent T2 of

venous blood (Thulborn et al., 1982; Yacoub et al., 2001; Duong et

al., 2003) compared to tissue. As suggested by earlier theoretical

work, our HSE-BOLD functional maps exhibit reduced superficial

large vessels signals when compared to GE-BOLD (factor of 2.8;

Table 2) which dominate the GE-BOLD maps; more importantly,

maximum signal changes in the tissue were observed in layer IV, a

region dominated by microvascular size vessels (Figs. 4d and 5

middle raw). Even with the HSE sequence at high magnetic field

(9.4 T), a measurable non-specific vessel signal change is present

in the vicinity of the surface region. The source of these large

vessels changes could be the result of experimental limitations that
ges (DS), without applying any statistical threshold, were plotted across the

ace down to the white matter. The anatomically defined borders between the

rom three cats are shown. Averaged data are shown in the right column (see

ges at layer IV.
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result in less than ideal execution of the HSE contrast, leading to

non-T2 contributions, primarily due to either inflow effects (see

Duong et al., 2003; Yacoub et al., 2003) or T2’ effects due to the

EPI readout. While a clear difference exists in the upper layer

region between the GE- and the HSE-BOLD signals, due to a

higher sensitivity of the former to larger vessels, interestingly, the

ratios between layer IV and deeper layers (V and IV) were similar

(Table 2). This is anticipated due to the fact that in this region little

or no large vessels are present.

Spatial specificity of CBV-weighted signal

Following the intravenous injection of MION, the MR signal

diminishes because of the change in the magnetic susceptibility of

vascular space and consequent generation of magnetic field

inhomogeneities around blood vessels. Blood volume increases

at a constant level of MION and induces further signal decreases in

T2*-weighted images (Kennan et al., 1998; Mandeville et al., 1998,

2004). Due to the enhanced sensitivity from the paramagnetic iron

oxides used, overall stimulus-evoked signal changes (i.e., contrast-

to-noise ratio (CNR)) at the tissue increased by a factor of ~4 when

compared to BOLD at the echo times used in this study. During the

visual task, maximum CBV changes were significantly higher and

peaked at the deeper portion of layer III and extended down into

layer IV (Fig. 5, lower row). Furthermore, CBV-weighted signal
Fig. 6. Specificity of CBV-weighted signals. Under the experimental

stimulus used, maximum CBV-weighted signal changes appear specific to

area 18 (dorsal section of marginal gyrus) with a sharp drop in signal

changes towards the transition zone (TZ) and area 17 (medial section of

marginal gyrus). (a–c) CBV-weighted percent signal change activation

maps (right hemisphere) from 3 cats. (d) An outline drawing of the cat’s

cerebral right hemisphere to show the positions of areas 17, 18 and the TZ

(modified from Payne, 1990). m.g.: marginal gyrus; c.c: corpus callosum.

Scale bar = 1 mm. Color bar = percent signal change.
changes were broader than those of the BOLD signals over the

middle layers, suggesting that there are differences in the

mechanisms underlying each technique.

The stimulus used here was optimized for evoking responses

from neurons in area 18; in contrast, the neurons in area 17 prefer

higher spatial frequencies with slower velocities (Movshon et al.,

1978). Fig. 6 demonstrates the corresponding spatial specificity of

the CBV signals. The largest CBV changes correspond to area 18

(dorsal section of marginal gyrus) and seem to consistently mark

the medial edge of area 18 into the transition zone (TZ) (Payne,

1990)—the region bordering between areas 18 and 17 (medial

section of marginal gyrus).
Discussion

In this work, the laminar spatial specificity of tissue fMRI

signals were investigated in a high-field, high-resolution fMRI

study and correlated with postmortem histological-stained slices

obtained within the same animal and tissue region. Tissue fMRI

signal changes centered over layer IV were observed with three

different fMRI contrast mechanisms when excluding the surface

vessels region. This finding is in good agreement with previous

cerebral blood flow (CBF) fMRI (Duong et al., 2000) and

neurophysiological data (Caesar et al., 2003).

At high magnetic fields, GE-BOLD functional maps are

expected to display contributions from large blood vessels, as at

low magnetic fields, but also from the microvasculature (capil-

laries and post-capillary venules), whereas HSE-BOLD maps

should be dominated by contribution from the capillaries. These

mechanistic expectations, however, were inferred based on

theoretical considerations (Boxerman et al., 1995), and magnetic

field dependence of the stimulus induced signal changes for the

two methods (Duong et al., 2003; Yacoub et al., 2003). The cat

studies presented here confirm these expectations directly because

of the spatially distinct distributions of the different parts of the

vascular tree. It is well known that the capillaries are not evenly

distributed across layers (Harrison et al., 2002) and that layer IV

has the highest capillary density in cats (Pawlik et al., 1981).

When the large vessel contamination from the cortical surface is

excluded, the translaminal distributions of both the GE and HSE

fMRI signals approximately reflect the capillary density in the

different layers. The post-capillary venules that run perpendicular

to the cortical surface must also contribute to both the HSE- and

especially to the GE-BOLD effect; however, based on their

orientation, these blood vessels most likely yield relatively

uniform laminar fMRI signals as observed in area 17 (Fig. 6),

although some gradients may exist along their lengths due to local

dilution effects if the neuronal activity is also different in the

different layers. Finally, large vessels are located on the cortical

surface and should significantly contribute to stimulus-invoked

signal changes in layer I in GE-BOLD maps and, to a much lesser

extent, in the HSE-BOLD functional maps, as experimentally

observed.

MION-based CBV maps display insensitivity to surface

vessels, and the largest stimulus-evoked signal changes in the

functional maps are in the middle layers. It is well known that CBV

changes occur in all different size blood vessels. However,

intravascular contrast agents such as MION can provide a filter

against large vessels at sufficiently high concentrations because the

presence of MION particles significantly suppresses baseline
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intravascular signals from large vessels. Furthermore, the stimulus-

evoked MION signal changes have a negative sign and thus are

opposed by the positive BOLD contributions (Lu et al., 2004;

Mandeville et al., 2004).

In view of the high capillary density in layer IV (Pawlik et al.,

1981; Tieman et al., 2004), it can be argued that our observation of

larger BOLD fMRI signal changes centered over layer IV reflect

the larger basal blood volume in the middle layers at a constant

stimulus-evoked blood flow and metabolic changes across the

lamina. Similarly, a stimulus-evoked fractional CBV change that is

constant across the layers can translate into a larger absolute CBV

perturbation in the middle layers due to the higher basal capillary

volume in this region and hence yield higher CBV-based fMRI

signals in the middle layers. However, several observations argue

against this as the only possibility: first, capillary density is well

correlated with metabolic demand (Borowsky and Collins, 1989),

and it is highly unlikely to invoke a situation where capillary

density and energy demand are separable. Second, in cat area 18,

layer IV contains the most active neurons as well as the highest

stimulus-invoked glucose consumption (Vanduffel et al., 1995).

Third, similarly high densities of capillaries are found in layers IV

across areas 17 and 18 of the cat (Tieman et al., 2004), while the

largest fMRI signals associated with the middle layers were

observed mainly in area 18 (Fig. 6). As seen in Fig. 6, there is a

sharp drop in the signal changes towards the transition zone and

into area 17. If the signal changes were simply reflecting the

vascular density in the different cortical layers, a more homoge-

neous distribution of signal changes would be expected across

areas 17 and 18 in similar lamina. Therefore, we conclude that the

layer-specific fMRI signals, neglecting the surface vessel effects, in

both BOLD- and CBV-weighted images reflect translaminal

inhomogeneities in stimulus-evoked metabolic demands and their

corresponding vascular consequences.

As previously mentioned, CBF changes induced by altered

neuronal activity are thought to correlate better with increased LFP

rather than spiking activity (Mathiesen et al., 1998). Similarly,

BOLD signal changes, which predominantly reflect blood flow

perturbations, are thought to represent LFPs (Logothetis et al.,

2001). Since alterations in cerebral glucose consumption and CBF

are well correlated (Fox et al., 1988), increased metabolic activity

can also be predicted to be associated with LFP increases. The

studies leading to these conclusions (Mathiesen et al., 1998;

Logothetis et al., 2001) are solely based on the temporal properties

of CBF and BOLD signals. Nevertheless, they have implications as

to the spatial location of the fMRI signals across the lamina; they

suggest that fMRI signals reflect the neuronal inputs and local

processing in layer IV which is the principal layer for the

geniculocortical input to the primary visual cortex (Peters and

Payne, 1993). Therefore, layer IV should exhibit the highest fMRI

signals which can be explained in terms of neuronal and/or

metabolic activity. Consistent with this prediction, our results

display largest fMRI signals in layer IV, except in the case of GE-

BOLD signals where large vessel obfuscation is present. However,

while the spatial localization of the fMRI signals shown here may

indicate the origin of the response, the data cannot resolve as to

what type of neuronal activity (input–output) is associated with

these fMRI signals.

Of the three different approaches examined in this study, the

current CBV result reveals not only high specificity to the site of

neuronal activity but also superior CNR relative to BOLD

measurements. These advantages should certainly be taken into
account when high spatial and/or temporal fMRI studies are

planned where SNR is a limiting factor. However, it should be

noted that the laminar specificities of the CBV maps are broader

than those of the BOLD signals over the middle layers; maximum

CBV signal changes incorporate layer IV and deeper parts of layer

III. The laminar specificity of these CBV-weighted fMRI maps

may not arise exclusively as a result of intrinsic specificity of CBV

response to neuronal stimulation. Other factors such as contrast

agent dose, magnetic field (through the BOLD mechanism that

opposes the contrast agent effect) and enhanced sensitivity to

partial volume effects are all expected to be important in

determining the extent of this specificity. Furthermore, such

CBV-weighted contrast agent-based studies are restricted to animal

models since, in the desired dose, they are not currently clinically

approved for human use.

In conclusion, we have demonstrated that BOLD ‘‘tissue’’ fMRI

signals are centered over layer IV where CBV-weighted (MION)

signals, with superior CNR, peak at layer IV and deeper parts of

layer III. Our results show that fMRI studies utilizing a GE-BOLD

sequence, even at high magnetic field and at high spatial resolution,

are heavily weighted by surface vessels. However, microvascular

contributions are also detectable at this high field strength in both

the GE- and HSE-BOLD signals. The results also demonstrate that

fMRI can be used for high-resolution sub-millimeter studies using

contrasts which are less susceptible to large vessel changes, such as

HSE-BOLD- or CBV-weighted MION. As higher field magnets are

becoming more available and signal contrasts (intrinsic and

extrinsic) with improved specificity are being developed, one

should expect higher degrees of spatial correlation between fMRI

and the underlying neurophysiological activity.
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