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Abstract

The combination of mapping functional cortical neurons by intraoperative cortical stimulation and

axonal architecture by diffusion tensor MRI fiber tracking can be used to delineate the pathways

between functional regions. In this study the authors investigated the feasibility of combining

these techniques to yield connectivity associated with motor speech and naming. Diffusion tensor

MRI fiber tracking provides maps of axonal bundles and was combined with intraoperative

mapping of eloquent cortex for a patient undergoing brain tumor surgery. Tracks from eight

stimulated sites in the inferior frontal cortex including mouth motor, speech arrest, and anomia

were generated from the diffusion tensor MRI data. The regions connected by the fiber tracking

were compared to foci from previous functional imaging reports on language tasks. Connections

were found between speech arrest, mouth motor, and anomia sites and the SMA proper and

cerebral peduncle. The speech arrest and a mouth motor site were also seen to connect to the

putamen via the external capsule. This is the first demonstration of delineation of subcortical

pathways using diffusion tensor MRI fiber tracking with intraoperative cortical stimulation. The

combined techniques may provide improved preservation of eloquent regions during neurological

surgery, and may provide access to direct connectivity information between functional regions of

the brain.
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Introduction

Diffusion tensor magnetic resonance imaging (DT-MRI) fiber tracking provides us with the

first technique that can noninvasively identify specific white matter tracts in the brain in

vivo, and can delineate the subcortical path of these tracts (Basser et al., 2000; Conturo et

al., 1999; Jones et al., 1999; Mori et al., 1999). The DT-MRI fiber tracking technique can

provide new information about white matter architecture and structural connectivity in

normal and pathological conditions. While tracks can be generated, the relation of these

tracks to specific functions is unknown. Functional mapping techniques complement the

DT-MRI fiber tracking technique by providing seed regions of known functionality from

which to initiate tracks.

In each voxel the dominant direction of the white matter tracts can be represented by the

direction associated with the fastest diffusion or the maximum eigenvector (Basser et al.,

2000). In the case where there are many fibers crossing each other within a voxel, the fiber

direction will not be well defined. Therefore fiber tracking algorithms estimate the voxels

that contribute to a contiguous tract by linking neighboring pixels that are colinear within a

defined angular deviation (Basser et al., 2000; Conturo et al., 1999; Jones et al., 1999; Mori

et al., 1999). Intraoperative stimulation (Berger, 1995; Berger and Ojemann, 1992, 1994;

Ojemann et al., 1989; Penfield and Rasmussen, 1950; Skirboll et al., 1996) is the gold

standard for identifying functional cortical areas but is somewhat limited in its ability to

localize subcortical extensions of these neurons. Therefore the subcortical extensions of

these functional areas are largely unknown and are often distorted from their normal

arrangement by a mass lesion. DT-MRI fiber tracking can localize subcortical tracts.

Although much is known about the functional arrangement of the brain in terms of specific

cortical locations, within these areas there is much variation between individuals as to the

exact location of the neurons associated with specific functions.

The overall aim of this work is to be able to associate functional information with the

structural data from DT-MRI fiber tracking. In this manuscript are the results of DT-MRI

fiber tracking in a patient undergoing intraoperative mapping during surgery to remove a

brain tumor. The data from this patient illustrate the possibility of determination of

previously unknown brain connections associated with speech and naming using these

combined techniques. New models of motor speech have been formulated based on data

from functional studies that suggest a widespread involvement of cortical and subcortical

areas for speech. The results herein provide the first in vivo delineation of speech and

naming pathways and are consistent with new models of motor speech that indicate the

involvement of supplementary motor area, putamen, and corticospinal tracts.

Materials and methods

The patient is a 40-year-old, right-handed male who presented with a grand malseizure that

included postictal speech arrest. The magnetic resonance imaging study demonstrated a

large noncontrast enhancing intraaxial mass in the left frontotemporal region, consistent

with a low-grade glial neoplasm. The patient's seizures were controlled with antiepileptic

drugs, and he was referred to the Neurosurgery Service at our institution for a definitive
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surgical resection. This clinical research protocol was approved by our institutional

committee on human research.

Intraoperative mapping

The operation was performed under awake surgical conditions, which included a propofol/

remifentanyl intravenous mixture, administered during the opening procedure. All

medications were discontinued before opening the dura and instituting language mapping. A

bipolar electrode attached to a constant current generator eliciting biphasic square wave

pulses (60 Hz, 1.25 ms per phase), was applied to the cortex to elicit motor function. At 3

mA of current, stimulation evoked movement of the mouth and orofacial region. The same

current was applied to surrounding cortex in front of the face motor area, and this resulted in

stimulation-induced speech arrest, which was labeled separately. Electrodes were then

placed on the cortical surface and stimulation with currents between 2 and 6 mA were used

to determine the appropriate stimulation current to use, i.e., 5 mA, without causing after-

discharge potentials during constant electrocortigraphy. For the naming task, the patient was

presented with common objects every 4–5 s, during which the cortex was stimulated to

functionally inactivate that defined region before having the patient see the common object

to be named. Stimulation mapping of the cortex revealed several sites that consistently and

repetitively interrupted naming without speech arrest. These sites were labeled separately

and considered as anomia sites. To be a positive site for naming, each site had to be tested

three times, and anomia found in at least 66% of stimulation sequences per cortical site.

DT-MRI fiber tracking

This patient received presurgical imaging with fiducials for stereotactic neurosurgical

guidance system (STEALTH, Medtronic Corp). All imaging was performed on a 1.5 T

General Electric Signa scanner with a head coil. The conventional imaging protocol

included whole brain 3D volumes that were T2-weighted (1 × 1 × 1.5 mm; TR/TE =

3000/104 ms) and postcontrast T1-weighted images (1 × 1 × 1.5 mm; TR/TE = 34/6 ms).

The diffusion tensor imaging data was acquired with an echo-planar spin-echo sequence

with axial slices covering the brain from the pons to the vertex (1.5 × 1.5 × 2 mm; TR/TE =

20 s/109 ms; six averages; b value = 1000 s/mm2). The raw images from the DT-MRI

sequence were aligned to correct for movement.

Maps of apparent diffusion coefficient, anisotropy, eigenvalues, and eigenvectors were

calculated from the diffusion data using software developed in our laboratory. The

anisotropy and eigenvectors were used to create diffusion tensor tracks using a program

developed by our group and based on the FACT algorithm (Mori et al., 1999). This

algorithm follows the principal eigenvector within each voxel changing directions at the

voxel boundary. This algorithm allows bifurcation of tracks from within a single voxel since

the tracks are represented in continuous space but cannot model fiber crossings. The tracks

were terminated if the relative anisotropy value dropped below 0.03 or if the angle between

consecutive voxels exceeded 70°. The coordinates of the functional regions identified by

intraoperative mapping were used to define starting points for the tracks generated by the

DT-MRI algorithm. The starting regions were defined over 4.5 × 4.5 mm in-plane (3 × 3

voxels) and 4–6 mm through-plane (2–3 voxels) since this reflects the effective area
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receiving bipolar stimulation. Subvoxel seeding of starting regions was used with a three

dimensional 6× 6 × 6 grid resulting in 216 starting points per voxel employed. The seed

region includes both the grey matter and the adjoining white matter. The tracks produced by

the DT-MRI algorithm were overlaid on the anatomic MRI data sets and plotted in a 3D

rendering for visualization using the 3D Slicer program (http://www.slicer.org). The 3D

renderings of the brain with stimulation and track termination points, and macroanatomic

labels, Brodmann areas (BA) were accomplished using the mri3dX program (http://

www.aston.ac.uk/lhs/staff/singhkd/mri3dX).

The intraoperative stimulation sites obtained were overlaid on the T1 or T2 imaging data in

three orthogonal planes. Using programs developed in our laboratory, coordinates

corresponding to the stimulation regions were obtained. These coordinates were then found

on the diffusion data to define starting regions of interest. Final adjustment of these regions

were obtained by visual inspection in three orthogonal planes to correct for small distortions

inherent to the fast imaging technique used to obtain the diffusion tensor imaging data.

Comparison to functional imaging studies

The T1-weighted and T2-weighted EPI volumes were used to align the patients data to the

template of the Montreal Neurologic Institute (MNI) using FSL routines (Jenkinson and

Smith, 2001) and coordinates from the MNI template were translated to Talairach

coordinates (http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace. html). The Talairach

Daemon (Lancaster et al., 1997, 2000) was used to label the regions from the Talairach

coordinates. While the tumor is expected to have some effect on the validity of this

procedure, the atlas was used away from the tumor to determine the supplementary and

premotor regions, and coordinates relative to the anterior commissure were used to

compensate for tumor-related shifts. Visual inspection verified the validity of this approach

for medial areas exhibiting similar mass effects as the anterior commissure. The regions

connected by the tracks were then compared to the stereotactic coordinates for language

function from published functional imaging studies.

Results

The intraoperative mapping on this patient identified eight regions corresponding to

stimulation of jaw/mouth, mouth (two regions), speech arrest, and four regions (one in pars

opercularis and three in precentral gyrus) resulting in anomia (inhibited object naming with

intact speech). The MNI coordinates and estimated macroanatmical labels are shown (Table

1). DT-MRI fiber tracking resulted in tracks from all eight regions with connectivity to two

to four regions for each site. The regions used to seed the tracking algorithm for the inferior

precentral gyrus anomia site (26Anomia) and for the speech arrest stimulation sites are

shown (Fig. 1A) with a clear demarcation by a sulcus in between these sites. Tracking from

each side of the central region identified with the stimulation does not produce tracks that

connect beyond the immediate subcortical white matter. The seed regions on a diffusion

anisotropy map (Fig. 1B) shows low anisotropy between the speech and anomia regions

consistent with the location of a sulcus and the dramatic reduction in tracks generated from

this intermediate region gives support to the specificity of the registration between
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intraoperative mapping and the diffusion fiber tracking seed regions. Note that the anomia

site is anterior to the speech arrest site and at the same axial level. Also shown is the color-

coded map of the principal eigenvector direction weighted by the relative anisotropy (Fig.

1C) at the level of the arcuate fasciculus, indicating the effects of the lesion on the direction

of the principal eigenvector.

All stimulated sites were estimated to be in the precentral gyrus (BA6) with the exception of

an anomia site (21Anomia) in Broca's area, a mouth motor site (3Mouth) in the primary

motor area (BA4), and the jaw/mouth site in the postcentral gyrus (BA3). The stimulation

sites are shown on a 3D rendered T2-weighted volume (Fig. 2). All tracks from the

stimulation sites are shown (Fig. 3) and it is clear that there is a smooth transition from one

track to the other so that the overall white matter topography changes continuously.

Therefore tracks coming from neighboring cortical sites tend to have similar and parallel

trajectories. While the trajectories found in this study do tend to be similar and parallel, there

are important differences that emerge. For example the speech arrest site is between an

anomia site and a mouth motor site. Though occupying distinct voxels for the most part, the

tracks from the speech arrest site are similar in connectivity to those of the neighboring

mouth motor site but have both some similarity and important differences when compared to

tracks from the neighboring anomia site. It is also clear that the regions stimulated and used

for tracking represent multiple bundles of coherent axonal pathways with typically about 2–

5 mm separating regions of unique trackable pathways.

Subcortical connections

In general, the tracks from the mouth motor (4Mouth), speech arrest, and anomia

(26Anomia) sites (Fig. 3) traversed parallel to each other medially from the cortex and then

bifurcated before turning sharply to join the pyramidal tract with inferior and superior

branches. All three sites resulted in tracks connecting to the SMA and inferiorly to the

cerebral peduncle via the posterior limb of the internal capsule (Fig. 4). Additionally as the

inferior branch of the speech arrest and mouth motor tracks (Fig. 3) approached the basal

ganglia, it bifurcates with a lateral branch into the external capsule that then turns medially

traversing the putamen (Fig. 4). The anomia site in Broca's area (BA44) resulted in tracks

through the lesion connected superiorly to an ipsilateral cortical region in the inferior frontal

gyrus (BA45). Tracks from this anomia site also traveled inferiorly through the lateral

globus pallidus, thalamus, and brain stem.

Connections to the SMA

The MNI coordinates and estimated macroanatomical labels (Table 1) and overlays of the

termination of tracks in the SMA and surrounding areas are shown (Fig. 5). All stimulated

sites produced tracks that terminated in the SMA proper (Vorobiev et al., 1998) with the

exception of tracks from the 3Mouth site, which begin and end in the primary motor cortex

area (BA4), and the anomia site in Broca's area for which no superior going tracks were

delineated. In the SMA proper, the tracks from the speech arrest site terminate in medial

frontal gyrus (BA6), 4Mouth and 2Jaw/mouth motor tracks connect more posteriorly, while

the 26Anomia tracks are more lateral in the middle frontal gyrus (BA6). The 42Anomia site
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connects to the region near the 41Anomia site, and then tracks into the same region of the

SMA occupied by tracks from the speech arrest site described above (Fig. 3).

Discussion

This study represents the first human in vivo subcortical delineation of pathways involved in

speech and naming using DT-MRI fiber tracking initiated from intraoperative cortical

stimulation sites. The results indicate the involvement of the supplementary motor cortex,

putamen, and cerebral peduncle in motor speech and illustrate the similar but distinct white

matter connectivity associated with speech arrest, anomia, and mouth motor function. The

identified pathways include cortico-spinal, corticobulbar, and primary/supplementary motor

association tracts, and cortico-striatal connections. The particular locations to which these

tracks project have correlated very well with knowledge from intraoperative stimulation and

recordings and locations from other functional language studies and are within the expected

deviation between these studies due to registration, anatomic, and functional variability

(Xiong et al., 2000). The feasibility of using structural connectivity data from DT-MRI fiber

tracking in conjunction with functional techniques to explore unknown facets of brain

architecture and functional connectivity has been shown.

The supplementary motor area has been previously shown to result in speech arrest and/or

anomia when stimulated (Baumgartner et al., 1996; Berger, 1995; Berger and Ojemann,

1992, 1994; Fried et al., 1991; Ojemann et al., 1989; Penfield and Rasmussen, 1950;

Skirboll et al., 1996), resected (Fontaine et al., 2002; Krainik et al., 2003; Laplane et al.,

1977; Rostomily et al., 1991; Zentner et al., 1996), or activated in functional imaging speech

experiments (Alexander et al., 1986; Blank et al., 2002; Bookheimer et al., 2000; Corson et

al., 2001; Etard et al., 2000; Fiez and Petersen, 1998; Fontaine et al., 2002; Krainik et al.,

2003; Petersen et al., 1989; Rosen et al., 2000; Wildgruber et al., 2001; Xiong et al., 2000).

Hence the existence of white matter connectivity between the supplementary motor area and

the anomia and speech arrest sites in the inferior precentral gyrus is expected.

The track from the speech arrest (interrupted counting) site in the SMA was found to

correspond to foci from fMRI and PET studies of language tasks; in particular it was 7 mm

from the foci found in a study utilizing internally cued counting (Blank et al., 2002) and 5–9

mm from foci identified in other automatic speech tasks (Bookheimer et al., 2000; Corson et

al., 2001). In a metaanalysis (Fiez and Petersen, 1998), motoric aspects of speech were

related to foci that were 5 mm from the speech arrest site, 7 mm from the mouth motor site,

and 6 mm from the SMA destination of the track from the speech arrest site. Furthermore

the speech arrest track was less than 1 mm posterior to the coronal plane passing through the

anterior commissure (VCA), while the tracks from the mouth motor and jaw/mouth sites in

the SMA were 5 mm posterior to the VCA plane. This arrangement is consistent with

studies suggesting somatotopy of the SMA proper (Fontaine et al., 2002; Krainik et al.,

2003) with the most anterior region directly posterior to the VCA implicated in language

and face/mouth motor aspects directly posterior to this language area.

The anomia site in Broca's area (BA44) resulted in tracks through the lesion connected

superiorly to an ipsilateral cortical region in the inferior frontal gyrus (BA45). The Talairach
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coordinates for this site and its association connected cortical site coincides with fMRI

activation foci from novel naming tasks (van Turennout et al., 2003). Of notable interest is

the absence of connections to Wernicke's area via the arcuate fasciculus. While it is clear

that anomia is possible without involvement of Wernicke's and Broca's areas as described by

the Wernicke–Geschwind model (Geschwind, 1965), we would have expected to see

connectivity to Wernicke's area for the anomia site in Broca's area. This was further

investigated by tracking from regions believed to correspond to Wernicke's area. The tracks

believed to correspond to the arcuate fasciculus traversed anteriorly into the lesion and came

close to, but did not connect to the anomia site in Broca's area presumably due to the effects

of the lesion on the tract (Fig. 1). Similarly, the possibility of observing more anterior going

tracks was limited by the lesion in the pre-SMA region.

We hypothesize that the tracks between the speech arrest cortical site and the basal ganglia

may be part of the cortex-basal ganglia motor loop that has been previously shown to be

involved in speech (Friederici et al., 2003; Kotz et al., 2002; Pickett et al., 1998). This loop

is important for higher-order motor control, and goes from the motor cortex to the putamen

via the external capsule. The anterior and inferior putamen traversed by tracks from the

speech arrest site likely represent motor aspects of speech and is only 4 mm from fMRI foci

(Kotz et al., 2002) while the superior and medial putamen traversed by the tracks from the

anomia site in pars opercularis was 6 mm from the lexically important foci and were also

identified with syntactic processes (Friederici et al., 2003).

Our results suggest continuity to the topography of white matter tracts on the scale

interrogated by DT-MRI fiber tracking that results in similarity in the white matter proximal

to the neighboring cortical regions. However, at some point, these tracts do diverge to

connect to other regions but continue to maintain a smooth change in the overall white

matter fiber structure. We believe that this organization of large white matter fiber bundles is

due to the intrinsic link between cortical location and white matter organization; that is,

cortical organization is arranged so that large-scale white matter organization can be

continuous and orderly in some sense. Within this regular framework, the different regions

stimulated here connect differently depending on the location of cortical stimulation as well

as tracks from widely separated sites converging as in the medial frontal part of the

supplementary motor area.

When seed or start points are defined, generally many voxels will be linked including those

that may not be part of the same tissue tract. This problem arises from the intrinsic

differences in size between the imaging voxels and the individual axons. Directional

information of small fiber bundles may not be measurable when these fiber tracts share

voxels with larger bundles whose maximum diffusion direction dominate that voxel. This

gives a set limitation to the size of white matter fiber bundles that can be reliably tracked

with DT-MRI techniques. The algorithm that we used for the analysis of the data in this

report cannot give reliable results when tracks cross each other but do show results of tracks

wrapping around each other. Developing algorithms that can reliably reproduce crossing

fiber tracts is an active and vital area of research currently with the emphasis on using higher

angular resolution diffusion acquisitions and interpolative techniques. Nonetheless, on the

scale of the fiber bundles investigated here, most areas of the brain do not exhibit crossing
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fibers and therefore many tracts can be accurately delineated. While “gold standards” for

comparison of DT-MRI tracks have been difficult to establish, the results from several

groups have been very compelling including studies in rat brain (Xue et al., 1999),

developing mice brain (Mori et al., 2001; Pierpaoli et al., 2001). The validation of tracks

produced by the DT-MRI fiber tracking technique remains a difficult issue and to date there

are no published studies like the one presented here that aid in the understanding and

validation of the technique in humans. While this study demonstrates the potential for

delineation of novel pathways, further development in data acquisition, tracking methods,

and registration with intraoperative mapping is needed. Accuracy and completeness of the

identified pathways are influenced by all these considerations. Validation will be best

ascertained in the future by having both cortical and subcortical stimulation points on the

same tracks, clear correlation with patients' functional status, and reproducibility in multiple

individuals.

The importance of intraoperative cortical mapping has been established (Berger, 1995;

Berger and Ojemann, 1992, 1994; Ojemann et al., 1989), but it is clear that postoperative

preservation of function also depends on identification of subcortical white matter tracts

from eloquent cortex within the region of resection (Skirboll et al., 1996). Other functional

cortical mapping techniques like functional magnetic resonance imaging (Roux et al., 2001)

and magnetic source imaging (Schiffbauer et al., 2001) have recently been investigated as

noninvasive presurgical means of identifying eloquent cortical regions. The results have

been promising, but to date, the best conclusion is that these methods can guide the surgeon

in performing intraoperative stimulation but cannot replace cortical mapping. The primary

concern with these alternate methods is the lack of precise localization of functional

neurons. Hence intraoperative mapping remains the gold standard for identification of

functional cortex.

We have demonstrated the delineation of axonal connections between language and motor

regions using DT-MRI fiber tracking combined with intraoperative mapping, in particular

the association connections to the SMA and the basal ganglia from speech arrest and mouth

motor sites and SMA connectivity and pyramidal tracks associated with anomia sites. This

ongoing study may establish DT-MRI fiber tracking as a useful clinical technique to identify

white matter tracts before surgical procedures. This will result in the preservation of vital

functional connections when performing surgery for brain tumors and other disorders. The

feasibility of combining intraoperative mapping and diffusion tensor imaging fiber tracking

has been shown here and promises to be an important technique to aid in surgical resections

and reduce operative morbidity, and to gain new scientific insights into the functional

connectivity of the human brain.
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Fig. 1.
Fiber tracking starting regions for speech arrest (green) and anomia (pink) sites overlaid on

(A) T2 image and (B) relative anisotropy map. (C) Illustration of the reduced anisotropy in

the arcuate fasciculus and other white matter regions due to the left frontal lesion. The colors

indicate the direction of the principal eigenvector (green: anterior–posterior; red: right–left;

and blue: inferior–superior) and the intensity denotes the relative anisotropy. The

contralateral arcuate fasciculus is indicated by the arrow. The square shows the anomia site

in Broca's area that may have connections to Wernicke's area via the arcuate fasciculus but

for which no pathways could be tracked.
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Fig. 2.
Rendering of anomia (red), mouth motor (blue), jaw/mouth (light blue), and speech arrest

(green) stimulation sites on preoperative 3D fastspin-echo volume.
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Fig. 3.
Coronal (left) and sagittal (right) views of tracks from anomia (A), mouth motor (M), and

speech arrest (S) regions illustrating the internal architecture of white matter tracks. The

green area in the sagittal view represents the tumor. Inferior axial and posterior coronal

image slices are also shown on the left and an axial plane shown on the right figure.
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Fig. 4.
Overlay of tracks from the speech arrest (green), 4Mouth motor (blue), and 26Anomia (red)

sites in (upper panel) the internal and external capsules and putamen, and (lower panel) the

midbrain. The light blue color arises from voxels containing both blue and green tracks.
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Fig. 5.
Projections of destinations of fiber tracks in the SMA and frontal gyri from stimulation sites

onto an axial view of the T2 image normalized to the MNI template and at z position 68

mm. The yellow lines indicate anterior– posterior positions of the VCA (y = 0 mm) and VCP

planes (y = − 22 mm), which nominally defines the SMA proper. Points on the brain surface

are stimulation points and points on the axial cutout are fiber track destinations with the

exception of the yellow anomia site for which the most lateral dot indicates the stimulation

site. 3Mouth: purple; 2Jaw/Mouth: light blue; 41Anomia: yellow; 4Mouth: blue; 10Speech:

green; 26Anomia: pink; 21Anomia: red (no superior connections); 42Anomia: red.
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