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Abstract

Noninvasive cognitive neuroimaging studies based on functional magnetic resonance imaging (fMRI) are of ever-increasing importance
for basic and clinical neurosciences. The explanatory power of fMRI could be greatly expanded, however, if the pattern of the neuronal
circuitry underlying functional activation could be made visible in an equally noninvasive manner. In this study, blood oxygenation
level-dependent (BOLD)-based fMRI and diffusion tensor imaging (DTI) were performed in the same cat visual cortex, and the foci of fMRI
activation utilized as seeding points for 3D DTI fiber reconstruction algorithms, thus providing the map of the axonal circuitry underlying
visual information processing. The methods developed in this study will lay the foundation for in vivo neuroanatomy and the ability for
noninvasive longitudinal studies of brain development. © 2003 Elsevier Inc. All rights reserved.

Keywords: fMRI; DTI; Visual cortex

1. Introduction

Since its introduction in 1992 [1-3], the blood oxygen-
ation level-dependent (BOLD) functional magnetic reso-
nance imaging (fMRI) has revolutionized cognitive neuro-
sciences by allowing the foci of cortical “activity” to be
visualized in vivo in a noninvasive manner. The BOLD
contrast originates from the intravoxel magnetic field inho-
mogeneity induced by paramagnetic deoxyhemoglobin
(deoxyHb) sequestered in red blood cells that are compart-
mentalized within blood vessels. The magnetic susceptibil-
ity differences between the deoxyHb-containing compart-
ments and the surrounding space generate magnetic field
gradients around the boundaries of these compartments.
Therefore, perturbation of regional deoxyHb content alters
the signal intensities in MR images sensitized to BOLD
contrast. Such regional perturbation occurs as the result of

enhanced neuronal activity and metabolism during sensory
[4], motor [5], or cognitive [6] functions.

While functional neuroimaging based on BOLD contrast
provides detailed information about the “where” of the
brain’s functional architecture noninvasively, such localiza-
tion information alone, however, must leave pivotal ques-
tions about the brain’s information processing (the “how” of
the processing) unanswered, as long as the underlying pat-
tern of neuronal connectivity cannot be mapped in an
equally noninvasive manner. The explanatory power of the
current functional MRI studies could be greatly expanded,
therefore, if the same MRI framework could be utilized to
assess the pattern of neuronal connectivity in vivo. The
newly developed magnetic resonance imaging technique
known as diffusion-tensor-imaging (DTI) based on diffu-
sion weighted imaging (DWI) has the potential to serve as
such a method.

DWI MRI is one of the most widely used MRI methods
for investigating the microscopic structure of water-contain-
ing material in general, and living tissue in particular [7]. As
suggested by Stjeskal and Tanner [8], the MR image is
sensitized to diffusion in a given direction using a couple of
temporally separated magnetic field gradients in the desired
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direction. The first gradient labels the spin phase of the
water molecule protons along the gradient direction, while
the second gradient rephrases the spin phase. If no diffusion
has occurred during the time period between the two gra-
dients, the initial phase is fully restored, while the initial
phase is not fully recovered if water molecule displacement
has taken place. In such a case, the resulting image intensity
is attenuated. The amount of image attenuation, or “diffu-
sion weighting,” is given by the relation S(b) � S0

exp(�biDi) where S is the signal intensity and S0 is the
signal intensity without diffusion weighting. Di is the dif-
fusion coefficient of water in the direction on which of the
magnetic field gradient was applied, and b is given by: b �
�2 g2 �2(� � �/3) in a spin-echo experiment, where g is the
gradient strength, � is the gyromagnetic ratio of protons, �
is the gradient duration time, and � is the gradient separa-
tion time.

Because the parameters g, �, �, and � are all known,
from the amount of signal decrease (S/S0), diffusion con-
stants at each voxel can be derived. Such measurements
have revealed that diffusion of brain water has strong di-
rectionality (anisotropy), which is attributed to the existence
of natural boundaries, such as axons and/or myelination.
The properties of such water diffusion can be expressed as
an ellipsoid [9]. Such “diffusion ellipsoids” can be charac-
terized by six parameters: diffusion constants along the
longest, middle, and shortest axes (�1, �2, and �3, called
principal axes); and the direction of the three principal axes.
Once the diffusion ellipsoid is fully characterized at each
pixel of the brain images, local fiber structure can be de-
rived. For example, if �1 �� �2 � �3 (diffusion is aniso-
tropic), it suggests the existence of dense and aligned fibers
within each pixel, whereas isotropic diffusion (�1 � �2 �
�3) suggests sparse or unaligned fibers.

If one assumes that the orientation of the axis associ-
ated with �1 is co-linear with the direction of the axonal
fibers dominant within the imaging voxel, then DTI can
reconstruct the presumed fiber trajectories from a discrete
set of diffusion tensors [9,10]. Mori et al. [11] developed
one of the earliest and most commonly employed algo-
rithms for DTI-based 3D fiber tracking (called FACT).
This scheme is based on extrapolation of continuous
vector lines from discrete DTI data. The reconstructed
fiber direction within each voxel is parallel to the diffu-
sion tensor eigenvector associated with the greatest eig-
envalue (�1). Within each voxel the fiber tract is a line
segment defined by the input position, the direction of the
eigenvector, and an output position at the boundary with
the next voxel. The track is propagated from voxel to voxel.
Tracking is terminated when a sharp turn in the fiber ori-
entation occurs. In algorithms developed by Basser et al.
[10], Conturo et al. [12], and Pajevic [13] a continuous
representation of the diffusion tensor and principal eigen-
vector are interpolated from the discrete voxel data. The
fiber track direction at any location along the track is given
by the continuous eigenvector. Typically, the tracking al-

gorithm stops when the fiber radius of curvature or the
anisotropy factor falls below a threshold.

In the past few years, numerous other DTI fiber recon-
struction algorithms have been proposed that reveal spec-
tacular images of axonal connectivity patterns in vivo in
humans [10,12,14], rodents [9,15], and cats [16]. The dif-
ferences in detailed fiber reconstruction algorithms notwith-
standing, all DTI-based fiber reconstructions are faced with
a fundamental and peculiar problem: unlike conventional
neurotracing techniques (e.g., using DiI, HRP, biocytin etc.;
see Discussion), each DTI experiment has the potential to
provide the complete set of connectivity across all imaged
voxels. Consequently, if the fiber reconstructions are not
limited to particular regions of interest (ROI), the resulting
pattern of fiber connections would be rendered useless. A
key in making DTI an outstanding technique for cognitive
neurosciences is therefore to develop selection criteria to
determine the seeding region of interest (ROI) for DTI fiber
tracing. To this end, in the majority of fiber-tracking algo-
rithms, tracking starts at a user-defined seeding point or
region of interest. Such “seeding points” are selected either
based on the quality of the underlying DWI, or based on a
priori anatomic criteria that are known from postmortem
studies. Such anatomically motivated tracking strategies are
of greatest importance for testing for anatomic irregularities
in vivo. However, in normal subjects, strictly anatomically
defined DTI fiber reconstructions have the tendency to sim-
ply “rediscover” what has been known from conventional
anatomic and histologic techniques, thus resulting in par-
tially tautological statements.

An alternative way of DTI fiber reconstruction is to use
the foci of functional activity—such as obtained with
BOLD contrast—as the “initial” and “termination” ROIs.
This is a more natural choice for most questions in cognitive
neurosciences, as the main interest here is to elucidate the
pattern of neuronal circuitry underlying the observed func-
tional activation for a particular task.

In this study, BOLD-based fMRI and DTI were per-
formed in the same cat visual cortex at 9.4 Tesla magnetic
fields, and the foci of fMRI activation utilized as seeding
points for 3D DTI fiber reconstruction algorithms, thus
providing the map of the axonal circuitry underlying visual
information processing. The methods developed in this
study will lay foundation for in vivo neuroanatomy and the
ability for non-invasive longitudinal studies of brain devel-
opment.

2. Materials and methods

2.1. Animal preparation

Juvenile cats were treated with atropine sulfate (0.05
mg/kg, subcutaneous (s.c.)) and initially anesthetized with a
ketamine/xylazine cocktail (10-25 mg/kg ketamine hydro-
chloride; 2.5 mg/kg xylazine hydrochloride; both intramus-
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cular). A venous catheter was placed in one of the forearm
veins (V. cephalica antebrachii), a urinary catheter was
placed, and a tracheal tube was inserted for artificial venti-
lation. Expiratory CO2 content was monitored continuously
by a capnometer (Datex Ohmeda) and kept at about 3.5% by
varying ventilation volume and frequency. Gaseous anes-
thesia (isoflurane (0.6-1.5%) in a mixture of 70% nitrous
oxide and 30% oxygen) was induced and maintained
through the scan. The eyes were refracted, and corrective
contact lenses placed if necessary. Animals were paralyzed
with pancronium bromide (dose 0.1 mg/kg i.v. every 30
min). The animal’s head position was fixed by a mouth-bar
and head-holder. A quadrature surface RF coil was placed
above area 18 (AP3 on Horsley-Clark coordinate) of the cat
visual cortex. Visual stimuli were generated using the VSG
(Cambridge Research Systems, UK), and displayed on a
rear-projection screen using a video projector (NEC; reso-

lution 1040 � 890). The rear-projection screen was posi-
tioned 15 cm from the animal’s eyes, covering about 37° of
the visual field. Stimuli were presented binocularly. Con-
ventional retinotopic stimuli were employed.

2.2. MRI data acquisition methods

MR experiments were performed on a 9.4-T/31-cm
horizontal MRI scanner (Magnex, UK) equipped with a
UnityINOVA console (Varian, CA), and a 30-G/cm actively
shielded gradient insert (ID � 11 cm) capable of 300-�s
risetime (Magnex, UK). Magnetic field homogeneity was
optimized using automatic shimming routines (FASTMAP).
The MR parameters for T2*-based BOLD functional MRI
were: gradient-echo echo-planar imaging (GRE-EPI) with
field of view of 3.4 � 3.5 � 2.0 cm3 and 64 � 64 � 13 data
matrix; TE � 14 msec, image TR � 1.5 sec. For diffusion-

Fig. 1. High-resolution diffusion tensor imaging (DTI) in cat visual cortex. All images are from the same coronal slice around anterior-posterior 0 of the cat
cortex (i.e., primary visual cortex). a, the anisotrophy maps in which the FA were color-coded on a voxel-by-voxel basis (bright, high FA; dark, low FA).
Note that the regions of the highest fractional anisotrophy are confined to areas of white matter consisting of large fiber bundles. b and c, vector and color
representations of the local anisotrophy, respectively. In c, fibers running in medio-lateral direction are coded in blue, and fibers running in ventro-dorsal
directions are coded in green. Areas coded in red correspond to fibers that are running orthogonal to the imaging plane (i.e., they are running in
anterior-posterior direction).
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weighted MRI, a 3D double spin-echo echo-planar imaging
(SE-EPI) sequence with four segments was used. DW MR
images were acquired using the following parameters; g �
17 gauss/cm, � � 0.006 s, � � 0.015 s (b � 1584 s/mm2 for
each direction). The field of view (FOV) was 5 � 5�3 cm3,
the matrix size was 128 � 128 � 64. The gradient scheme
used for the present study is given in the following table:

Here, Gx, Gy, Gz code for the applied gradient in readout,
phase-encoding, and slice selection directions, respectively.
The numbers “1,” “�1,” and “0” stand for the presence of
positive, negative, and no gradients, respectively.

2.3. Diffusion tensor calculation

Diffusion tensor elements were calculated using the fol-
lowing set of equations. Here, the letters X, Y, and Z in
parentheses denote the directions along which the gradients
were applied, and the subscript of D denotes the respective
element of the diffusion tensor D� , S0 is the image without
diffusion weighting, and Sxyz are the diffusion-weighted
images where the gradients are applied along the direction
defined in the subscript:

�X,Y,0	: �Dxx � Dyy � 2Dxy	 � �
lnS110/S0

b

(1-1)

�X,�Y,0	: �Dxx � Dyy � 2Dxy	 � �
lnS1�10/S0

b

(1-2)

�X,0,Z	: �Dxx � Dzz � 2Dxz	 � �
lnS101/S0

b

(1-3)

Fig. 2. Lower left, 3-D rendering of the cat cortex around the occipital pole. The gyri and sulci of are displayed in bright and dark blue colors, respectively.
Upper left, resliced view of the same rendered cortex. Here, the corresponding FA map from the DTI experiment was projected onto a coronal slice. The
regions of largest FA are confined to the white matter areas consisting of large fiber bundles. Right, vector representation of anisotrophy from the same cortex.

Gx Gy Gz

1 1 0
1 0 1
0 1 1

�1 0 1
1 �1 0
0 1 �1
0 0 0
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��X,0,Z	: �Dxx � Dzz � 2Dxz	 � �
lnS�101/S0

b

(1-4)

�0,Y,Z	: �Dyy � Dzz � 2Dyz	 � �
lnS011/S0

b

(1-5)

�0,Y,�Z	: �Dyy � Dzz � 2Dyz	 � �
lnS01�1/S0

b

(1-6)

From the equations (1-1)- (1-6), we can form a tensor
matrix [20]:

D� � � Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

� (2)

Since the tensor matrix D� is symmetric along the diag-
onal, the eigenvalues and eigenvectors can be obtained by

diagonalizing the matrix using the Jacobi transformation.

The resulting eigenvalues 
� � � �1 0 0
0 �2 0
0 0 �3

� and cor-

responding eigenvectors P� � �p1� p2� p3� � can then be used to
describe the directionality of water diffusion within a given
voxel. There are several different methods for how this can
be achieved. For the present study, the directionality of
water diffusion was estimated by computing the fractional
anisotropy (FA) on a voxel-by-voxel basis [17].

FA �
1

�2
	

���1 � �2	
2 � ��2 � �3	

2 � ��3 � �1	
2

�1
2 � �2

2 � �3
2

(3)

The fractional anisotropy (FA) is a measure of the direc-
tionality of the water diffusion within a given voxel.

Fig. 3. Left, 2-D projection of fiber reconstructions. The fibers originating from two seeding ROIs are displayed in colors red and blue, respectively. Coronal
slice of the cat primary visual cortex. Right, the result fiber reconstruction as original 3-D trajectories.
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2.4. DTI fiber reconstruction

Based on the diffusion tensors, a fiber-tracking algorithm
was applied to the data using custom-written C�� or Mat-
lab (Mathworks, MA) codes. The algorithm of choice was
one based on the Frenet equation, similar to Basser’s algo-
rithm [10], additionally modified to include a criterion for
the vector field interpolation in order to remove noise and
background effects (see [18] for details). The FA threshold
for stopping the tracking procedure was set to 0.2. ROIs for
seeding the tracking algorithm were chosen either manually
or based on BOLD fMRI activation foci. In either case, the
seeding ROIs were chosen close to the fiber termini, in order
to ensure that they included white matter areas.

2.5. Functional image construction

BrainVoyager (Brain Innovation, The Netherlands) was
used for functional image construction and projection into
the flattened anatomic cortical map. After preprocessing
(mean intensity adjustment, interscan slice time-correction,

3D motion correction), functional time-series were co-reg-
istered to 3D anatomic images. 3D anatomic images were
used for cortical surface reconstruction, inflation, and flat-
tening [19]. Overall, conventional methods of statistical
parametric mapping (cross-correlation, GLM etc.) were
used for functional image construction. Subsequently, cus-
tom-written C2� and MATLAB routine were used to co-
register DTI fiber reconstructions with either fMRI raw data
or with inflated/flatted anatomic images. To this end, the
areas of high BOLD activity (cross-correlation threshold
above 0.1; cluster size, 4 voxels) were imported in DWI
data as binary masks on which the fiber reconstruction
seeding points were then placed.

3. Results

Fig. 1 displays the results of high-resolution DTI studies
in cat visual cortex obtained at 9.4 Tesla magnetic fields. All
images are from the same coronal slice around anterior-
posterior 0 of the cat cortex (i.e., primary visual cortex).

Fig. 4. A series of coronal slices covering roughly the anterior-posterior extend of the cat primary visual cortex. The fMRI time series obtained during the
stimulation of the animal visual retinotopic stimuli were used to label the areas of high BOLD activity (in yellow-orange scale). Functional activity was most
pronounced in the visual areas 17, 18, and around the thalamic nuclei LGN (lateral geniculate nucleus). Seeding ROIs for DTI based fiber reconstructions
were places within the BOLD activation areas.
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Panel a depicts the anisotrophy maps in which the FA were
color-coded on a voxel-by-voxel basis (bright, high FA;
dark, low FA). Note that the regions of the highest fractional
anisotropy are confined to areas of white matter consisting
of large fiber bundles. The diagonalized tensor information
P� can be represented as a vector. Fig. 1b displays such a
vector field map from the cat primary visual cortex. In Fig.
1c, the anatomic details of the cat cortex can be identified in
this color-coded map of anisotropy. Here, fibers running in
medio-lateral direction are coded in blue, and fibers running
in ventro-dorsal directions are coded in green. Areas coded
in red correspond to fibers that are running orthogonal to the
imaging plane (i.e., they are running in anterior-posterior
direction). Note that the areas of large fiber bundles (e.g.,
running ventro-dorsally into the gray matter) are character-
ized by bright colors (i.e., high FA) while this is not the case
for voxels located within cortical gray matter and/or around
the thalamic nuclei.

Fig. 2 shows the strategies employed for the DTI fiber
reconstruction. The left panel of Fig. 2 depicts the 3D
rendering of the cat cortex around the occipital pole. Here,
the gyri and sulci of the are displayed in bright and dark

blue colors, respectively. The primary visual areas 17 and
18 of the cat cortex can be identified through their vicinity
to the lateral and suprasylvian sulci. The upper left panel of
Fig. 2 also shows the resliced view of the same rendered
cortex. Here, the corresponding FA map from the DTI
experiment (performed during the same MRI study) is—
after thresholding—projected onto a coronal slice. The re-
gions of largest FA are confined to the white matter areas
consisting of large fiber bundles. The right panel of Fig. 2
shows the vector representation from the same cortex.

For fiber reconstructions, the individual vectors (as dis-
played in the right panel of Fig. 2) were, starting from a
seeding point, concatenated to yield a continuous progress
line as described in the method section above. Fig. 3a
displays the results of two of such fiber reconstructions.
Here, the fibers originating from two seeding ROIs are
displayed in colors red and blue, respectively. The fiber
trajectories were originally reconstructed in the full 3-D
space of the cortex frame. For the display in panel a of Fig.
3, the 3-D fibers were projected onto the 2-D plane of the
displayed coronal slice. Fig.3b shows the 3-D trajectory for
one of the two fiber bundles depicted in Fig. 3a.

Fig. 5. BOLD-based DTI fiber reconstructions. In this coronal slice, the foci of fMRI activation within areas 17, 18, and LGN were utilized as seeding points
for 3D DTI fiber reconstruction algorithms. The resulting fiber reconstruction nicely demonstrates the pattern of connectivity originating from the primary
visual areas and LGN, respectively.
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Fig. 4 shows a series of coronal slices covering roughly
the anterior-posterior extend of the cat primary visual cor-
tex. The fMRI time series obtained during the stimulation of
the animal with retinotopic stimuli (e.g., expanding check-
erboard) were used to label the areas of high BOLD activity
(in yellow-orange scale). Functional activity were most pro-
nounced in the visual areas 17, 18, and around the visual
thalamic nucleus LGN (lateral geniculate nucleus).

As described in the introduction, in most fiber-tracking
algorithms, tracking starts at a user-defined seeding point or
region of interest. Alternatively, the “seeding” and “termina-
tion” ROIs for DTI fiber tracings can be placed on the areas of
high BOLD contrast, as displayed in Fig. 4. The result of one
of such BOLD-based DTI fiber reconstructions is shown in
Fig. 5. In this coronal slice (around the center of the cat
primary visual cortex), the foci of fMRI activation within areas
17, 18, and LGN were utilized as seeding points for 3-D DTI
fiber reconstruction algorithms. The resulting fiber reconstruc-
tion nicely demonstrates the pattern of connectivity originating
from the primary visual areas and LGN, respectively.

In Fig. 5, the fiber trajectories were projected on the 2-D
coronal slice. However, a more comprehensive BOLD-
based DTI fiber reconstruction will need to take into ac-
count the three-dimensional geometry of the cortex. This is
a nontrivial task, as the cortex is folded in a complex
topology consisting of convex gyri that are visible from
outside, and concave sulci that are buried inside. To this
end, we have reconstructed the full 3-D volume of the cat
cortex as an translucent “glass brain” in which the BOLD-
based DTI fibers were embedded, thus preserving the true
3-D trajectories of the reconstructed fibers. Fig. 6 shows
such an example. In addition, the reconstructed cortex was
“inflated” and subsequently “flattened” using standard
methods [19]. The corresponding points between the
“glass” and flattened versions of the cortex were then con-
nected through the reconstructed DTI fibers in a topology
preserving manner. In Fig. 6, fibers coded in red are the
fibers that are embedded within the 3-D volume of the
cortex. Fibers between points in the flattened cortex repre-
sentation are coded in yellow. The right panel of Fig. 6

Fig. 6. Upper right, 3-D volume reconstruction of the cat cortex as a translucent “glass brain” in which the BOLD-based DTI fibers were embedded, thus
preserving the true 3-D trajectories of the reconstructed fibers. Lower right, “flattened” representation of cortex. Light and dark gray areas code for gyri and
sulci, respectively. Corresponding points between reconstructed and flattened cortices were connected through the reconstructed DTI fibers. Fibers coded in
red are the fibers that are embedded within the 3-D reconstruction of the cortex. Fibers between points in the flattened cortex representation are coded in
yellow. Right, same data as in the left panel viewed from a different perspective.
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shows the same data from a different view angle “through”
the reconstructed 3-D cortex.

4. Discussion

The results of our study suggest that high-resolution
BOLD MRI and DTI can be obtained from the same cortical
tissue in vivo at 9.4 Tesla magnetic fields. Furthermore, in
our study, the foci of fMRI activation were successfully
utilized as seeding points for 3-D DTI fiber reconstruction
algorithms, thus providing the map of the axonal circuitry
between neuronal populations participating in a common
cortical information processing.

Traditionally, connectivities between individual neurons
or groups of neurons have been studied using a variety of
techniques. These include post mortem methods, such as
dissection of white matter, strychnine neuronography [20],
and the Nauta [21] methods of tracing degeneration after
localized lesions. More recently, implantation of carbocya-
nine dyes, such as DiI and DiA [22], has replaced the older
degeneration methods. However, besides the long duration
needed for passive labeling of axonal fibers (often several
months), post mortem methods inherently fail to yield a
correlation to the foci of functional activation. There are
other modern in vivo labeling methods that can be used to
track patterns of neuronal connectivity, including trans-
neuronal markers, such as horseradish peroxidase (HRP),
rhodamine- and fluorescein-conjugated latex microspheres
[23], biocytin [24], and biotinylated dextran amine (BDA).
However, all current postmortem and in vivo tracing tech-
niques suffer from common limitations: 1) an extremely low
number of labeled tracts can be identified; 2) short tracing
distance (across 1-3 synapses); 3) the need for invasive
injection of the tracer, and most importantly, 4) the need to
sacrifice the animal before the labeling pattern can be visu-
alized. Such limitations rule out the use of these methods for
human and/or longitudinal studies.

An alternative method to label axonal connectivity in
vivo has been recently proposed [25]. In this method, man-
ganese ion Mn2� is used as a MRI-sensitive in vivo fiber
tract tracer. However, while Mn2� acts as an excellent MRI
contrast agent through shortening of tissue T1 (“spin-lattice
relaxation”), at the same time it is a potent calcium analog,
and topical application leads to epileptic discharge of neu-
ronal activity, contaminating the stimulus induced pattern of
cortical activity. Furthermore, Mn2� is paramagnetic. As
such, the accumulation of Mn2� in cell somata, dendrites,
and axons will attenuate and/or corrupt the quality of T2*-
weighted images used for BOLD fMRI studies. These not
only prohibit the use of Mn2� for studying neural connec-
tions in humans, but it also invalidates its use in animal
systems where simultaneous assessment of the functional
activity (e.g., BOLD-based) is required.

The BOLD-based DTI fiber reconstruction method de-
scribed in this study allows the local orientation of fiber

bundles in the white matter to be determined in an abso-
lutely noninvasive manner, thus enabling in vivo neuroanat-
omy in both animals and humans. If the full potential of
fMRI-based DTI for tracking fiber pathways noninvasively
in human and animal brains can be realized, the impact on
neuroscience will be substantial. Knowing which functional
areas are connected to which, and in what manner, can
provide vital constraints on high-level models of global
cortical organization. In short, the methods developed in
this study will lay foundation for in vivo neuroanatomy and
the ability for non-invasive longitudinal studies of brain
development.
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