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Currently, in the majority of neurologicaland neuropsy-
chological research laboratories, an essential step in the
analysis and grouping of patients that exhibit cognitive
deficits due to focal brain lesions is to assess which cytoar-
chitectonic regions are included within the boundaries of
the lesion.This is accomplishedby usingmagneticresonance
imaging (MRI) and computed tomography(CT) scans that
are viewed in film format using lightboxes or computer
screens. The practitionermakes educateddeductionsabout
the areas involved or uses laborious tracing and other
methods to define the lesion.This is time-consuming,cum-
bersome, fatiguing,and can impose considerable variation
between measurements from patient to patient within and
across research laboratories.

An alternativeto this manual procedure would be to pro-
cess the MRI and CT volumes digitally and to use auto-
mated software to standardize them according to a coordi-
nate system, evaluate them quantitatively, and assign them
to categories according to cytoarchitectonic areas con-
tained within the boundaries of the lesion. There is great

interest among researchers for such software, but despite
the existence of a variety of sophisticated general brain
atlas programs and algorithms, to our knowledge there is
no software available that performs the specific function
of characterizing the brain areas affected by a lesion. Our
goals were to create automated software that fulfills this
particular function for MRI and for CT, to make it as easy
as possible to use, and to render it readily available to in-
terested researchers with experience in neuroanatomyand
lesion analysis. The Analysis of Brain Lesions (ABLe)
program is written in Tcl/Tk and is designed to operate
within the MEDx medical imaging software environment
(Sensor Systems, Inc., Sterling, VA) on various UNIX
workstations, including Sun Solaris, Silicon Graphics,
Hewlett-Packard, and DEC. MEDx and ABLe can also op-
erate on Linux PC computers.

DESIGN CONSIDERATIONS FOR BRAIN
ATLAS SOFTWARE

Subject Brain and Reference Atlas Variability
The developmentof any brain atlasprogramis a majorun-

dertaking that includes technical challenges, and this may
in part be the reason why the developmentof specific soft-
ware like the ABLe has been lacking. The major difficul-
ties are that human brain structure is complex and variable
across subjects, and that the reference atlases that have
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We developed an interactive program, Analysis of Brain Lesions (ABLe) so that researchers study-
ing the effects of brain lesions on cognition could have a user-friendly tool that could quantitatively
characterizesuch lesions. The program was prepared in Tcl/Tk and will run on any UNIX or PC LINUX
platform with the MEDx medical imaging software package.The ABLe is almost completely automated
and determines the brain lesion size as well as which cytoarchitectonicbrain regions (Brodmann areas)
are contained within the boundaries of the lesion. Lesion data from multiple subjects can be grouped
together and the degree of lesion overlap displayed. All images are analyzedand displayed within stan-
dard Talairachcoordinate space,and the precisionof the match between the ABLe Brodmann areagraph-
ics and the subject/patient brain is easily confirmed. The program is the first easy-to-use software that
contains these specific features and is available for interested researcherswith a background in lesion
analysis.
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been developed over the past 130 years all differ in terms
of scale and resolution and are based on different single
brains taken as representative. Development of ABLe in-
volved addressing these common technical issues.

For ABLe, reference atlases and a coordinate system
were selected in order to be able to compare different
brains, and these had to be digitized and standardized.The
choices of major reference systems that are in use today
include Brodmann’s (1909) map of cytoarchitectonic re-
gions in which cell type and distribution define various
areas on the surface of the cortex. These regions were later
associated with characteristic functions. Brodmann’s map
has since been widely used even if its empirical basis, due
to Brodmann’s premature death, was never fully published.
Subsequentwork on the anatomic parcellationof the cere-
bral cortex by authors such as von Economo and Koski-
nas, Sarkisov, and Braak have not superseded the Brod-
mann map (Braak,1980).All theseworkers were faced with
the limitation that they had to rely on histologicalmethods
by which to distinguish cell types and identify cytoarchi-
tectonic boundaries subjectively. Only recently has there
been a systematic, yet still not completed,effort, which ap-
pliesa variety of modern quantitativemethodssuch as quan-
titative cytoarchitectonics, immunohistochemistry, and
statistical analysis of brain images, to remove the present
uncertainties regarding cytoarchitectonic boundaries
(Roland & Zilles, 199Britton et al., 19908).

Other reference systems include the landmark works by
Talairach and Szikla (1967) and Talairach and Tournoux
(1988), in which a standardization scheme was developed
to adapt human brains to a common coordinate system.
Mazziotta’s visible man project (Mazziotta, Toga, Evans,
Fox, & Lancaster, 1995) incorporates histological and
cryosection data into a single, probabilisticatlas. Brainvox
(Frank, Damasio, & Grabowski, 1997) is a powerful visu-
alization and analysis package for neuroanatomical imag-
ing, but does not yet have the facility to directly determine
the Brodmann areas occupied by a lesion. A recent collab-
orative effort between Johns Hopkins University and the
National University of Singapore has resulted in a com-
prehensive multimodalbrain atlas that is a comprehensive
teaching and reference tool (Nowinski et al., 1997). This
work combines digitized and labeled general atlases with
cortical and sulcal atlases, but unfortunately Brodmann
areas cannot be precisely warped to match slices from a
subject’s brain, and the intersection of a lesion with
Brodmannareas cannotbe doneautomaticallywithina stan-
dard coordinate system. The Surefit/CARET cortical flat-
tening software can reconstruct Brodmann areas via flat-
tened surface based atlases (Joshi et al., 1999), but
cortical extraction and flattening is a relatively lengthy,
complex procedure, and the system does not automati-
cally determine the Brodmann area intersections for an
entire lesion. The freeware mri3dx (http://www.liv.ac.uk/
mariarc/mri3dX/mri3dX_shading.html) is very versatile
and useful, and one of its functions allows users to view
lesions or functional data, along with Brodmann areas,
matched to the popular MNI template brain. However,
mri3dx does not automatically determine Brodmann area

involvementfrom a lesion traced on multiple slices. Many
of the more recent atlases described earlier are either not
generally available, and therefore cannot be tested and
used by interested researchers, or are nontrivial to use and
do not contain all the options that a program for lesion
analysis should have. The latter is at least in part because
most of these atlases/programs are not specifically de-
signed and optimized for automated characterizationof le-
sions in terms of Brodmannareas, but are intendedfor some
other purpose, such as cortical flattening or rendering of
functional magnetic resonance imaging (fMRI) data.

The Damasios (Damasio & Damasio, 1989) published
a series of templates based on sections taken at a range of
angles through fixed human brains (hereafter, Damasio
templates). Drawings of these sections were labeled with
markers for cytoarchitectonic regions after interpolation
from Brodmann’s map. These templates are a widely ac-
cepted standard because they provide cytoarchitectonic
information for slices. In contrast, Brodmann’s original
map only shows cytoarchitectonic boundaries on an ide-
alized cerebral surface. Given the lack of an ideal program
for lesion analysis,we developedour own program and re-
port on its utility and reliability below.

METHOD

Reference Atlases and Standardization
The Damasio templates were selected as a reference for

ABLe for the followingtwo reasons. First, the Damasio slice
templates denote Brodmann areas, and although the loca-
tions of Brodmann areas in these templates are approxi-
mate, they relate cortical surface areas with certain cogni-
tive, sensory, and motor functions and thus represent a
useful means by which to group brain lesions. This group-
ing can guide the assessment of the relationship between
observed cognitive deficits and the position of the lesion.
Second, the Damasio templatesare in wide use in neuropsy-
chology and neurology, and therefore any atlas that is
based on a brain that is digitized, resliced, and labeled ac-
cording to these templates would be readily accepted.
Damasio and Damasio (1989) sliced human brains at var-
ious angles, and the brains that they sectioned in the trans-
verse plane typically yielded 11 slices that were 10-mm
thick. The slices were placed on a flat surface with their
superioraspect facingup.A series of 11 templateswas drawn
from the slices from each brain, and the Damasios labeled
the outer margins of these templates in terms of Brod-
mann’s cytoarchitectonic areas. The particular Damasio
templates used as a reference for the ABLe were derived
from brain slices taken at a 15º cranial angulation to the
inferior orbitomeatal line (IOL). These templates were se-
lected because they showed important structures clearly
and the slice angle was relatively well defined. Further-
more, most MRI scans of patients’ brains are typically ac-
quired at the 15º angle.

A significant disadvantage in just using the Damasio
templates to define a lesion is that they do not conform to
any standard coordinate system. Thus, any new brain stud-
ied by an investigator would not correspond in terms of
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shape and size to the Damasio templates. In addition,
there would also be large between-subjects variation in
brain size and shape. Therefore two issues needed to be ad-
dressed. First, the digitizedbrain selected as the reference
brain for the ABLe had to be normalized to a coordinate
system in addition to being labeled according to the Dama-
sio templates. Second, related to subject-specific differ-
ences in the shape of the brain, subjects’ brains had to be
processed to conform in shape and size to the ABLe refer-
ence brain.

To address the coordinate system issue, the system of
Talairach and Tournoux (1988) was selected, since this is
the most widely used coordinate system in neurology and
neuropsychology research. The method of Talairach and
Tournoux has deficiencies in terms of matching sulcal
shape and size between subjects, but at the present time
there are no complete, superior alternatives that we could
readily implement.Therefore, two structurallynormal brains
were selected, one obtained from the MRI of a 27-year-old
male, and the other from theCT of another27-year-oldmale,
and interactively conformed to Talairach dimensions in
MEDx using an affine 12-parameter transformation. The
MRI reference volume was acquired using a T1-weighted
3-D MRI on a GE 1.5 Tesla scanner. The scanned volume
had 124 contiguousslices of 1.5-mm thickness, the slice di-
mensionswere 256 3 256, and the field of viewwas 24 cm.
The CT reference volume was obtained with a GE Light-
Speed CT scanner operating in helical acquisition mode,
and the data were reconstructed with a 3-mm overlapping
slice thickness and a 1-mm interval. The data were recon-
structed to yield 138 slices 1-mm thick. Both the MRI and
the CT volumes had the skull and the scalp components
removed using interactive modules in MEDx, and were
registered to true Talairach coordinates in MEDx. The In-
ternational Consortium of Brain Mapping (ICBM) tem-

plate used by functionalneuroimagers,which is a close ap-
proximation of Talairach dimensions, was not used. For
purposes of preparing computer graphics of Brodmann
areas, the MRI brain volume was digitally resliced at var-
ious angles to determine which slice angle would yield
axial sections that were anatomicallyand morphologically
closest to the Damasio templates.The best slice angle was
determined to be 17º relative to the IOL, and 11 slices that
as closely as possible matched the Damasio transverse
brain templates were selected from the total brain volume
by a neuroradiologist(N.J.P.). The distancebetween the se-
lected slices was 7–10 mm. The partitioningof the ABLe
MRI and CT reference brain volumes into slices of 1-mm
thickness improved the selection of 11 reference brain
slices to match the 11 Damasio brain slices.After the high-
resolutionMRI brain volume was transformed to Talairach
dimensions, resliced, and the 11 slices were selected, each
slice of the 11 slices was interactively labeled with Brod-
mann areas by referring to Damasio templates that were
derived from brain slices taken at a 15º cranial angulation.
Reference was also made to Damasio’s (1995) computer-
ized brain images and to Duvernoy (1991) in order to con-
firm the shape, position, and identity of the brain sulci,
since these were used as landmarks. The graphics prepa-
ration was performed by a neuroradiologist (N.J.P.). The
final version of the labeled Brodmann areas was saved
as a separate graphics file to be utilized by ABLe for both
MRI and CT subject brain volumes normalized to Ta-
lairach dimensions.

For the second issue, that of normalizing subject brains
to the reference brain in Talairach dimensions, several op-
tions existed. There are several registration algorithms
that can be used to conform one brain to another; these in-
clude 3-, 6-, and 9-order linear transformations, 12-order
linear affine transformations, nonlinear transformations,

Figure 1. The ABLe main menu. To initiate any particular module, the user simply clicks on the labeled
tabs along the top of the graphical interface or clicks “next” within each module.
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and model-driven higher order deformations (Christen-
sen, Rabbitt, & Miller, 1996; Collins, Peters, & Evans,
1994; Davatzikos, 1996; Thompson & Toga, 1996). The 3-
and 6-parameter linear transformations provide compara-
tively crude matching, and some of the software available
in this general category requires the user to identify cer-
tain neuroanatomical landmarks. ABLe was intended to
be as accurate and automated as possible, so it was neces-
sary to implement higher order brain warping software
that does not require user interaction. On the other hand,
some of the model-driven higher order deformation pack-
ages could overwarp brains that have significant tissue
loss due to trauma or surgery, resulting in the apparent fill-
ing in of areas missing tissue. Moreover, it has also been

suggested that given the fact that functional areas do not
respect the same sulcal boundaries between individuals,
that precise sulcal and gyral matching may not even be de-
sirable (Ashburner & Friston, 1999). Therefore, a rela-
tively conservative registrationalgorithmis the primary ap-
proach within ABLe, and this consists of a 12-parameter
affine linear transformation using the AIR (automated
image registration)software embedded within MEDx that
can be accessed by the ABLe program (Woods, Cherry, &
Mazziotta, 1992). The affine transformation allows for
translation, rotation, scaling, and shearing. ABLe pro-
vides the user with the registration accuracy when the reg-
istration is complete, and if a superior registration is de-
sired, the user may attempt to repeat the registration using

Figure 2. Lightbox display of patient brain slices. Note that the user has outlined areas of tissue loss.
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a nonlinear algorithm that is part of AIR and that estimates
30 different parameters. The user also has the option of
including or not including the lesion voxels in the regis-
tration, since not including the lesion may in some cases
improve registration accuracy (Brett, Leff, Rorden, &
Ashburner, 2001).

ABLe registers the subject’s brain to the MRI or CT ref-
erence brain, which is at 0º to the IOL, and then the regis-
tered subjectbrain is reslicedat a 17º cranial angle to the IOL
to match ABLe’s Brodmann area graphics. It should be
noted that a copy of the MRI reference brain was resliced
at 17º only during ABLe development, for the purpose of
drawing the Brodmann area graphics. The ABLe brain
was sliced at 17º instead of 15º to achieve the closest pos-
sible correspondence between the Damasio slices and the
reference brain slices. The matching was evaluated visu-
ally by inspecting and comparing sulcal patterns and po-
sitions. The reference brain and the Damasio templates
were found to not be identical at 15º, most likely because
the Damasio brain is fixed material, while the ABLe brain
is the MRI of a living brain supported by CSF.

Interuser Agreement
Two experienced clinicians, one a neuroradiologist

(J.B.) and the other a neurologist with special expertise in
neuroanatomy (A.D.), used ABLe to evaluate the CT and
MRI volumes for 16 patients with a variety of lesions.
This was a non-uniform group of patients that had lesions
stemming from a variety of causes, including tumor exca-
vation, stroke, trauma, and penetrating head injury, and
the scans were either coronal or axial. Ten of the volumes

were MR scans and 10 were CT scans. Originally, 10 lesion
volumes were obtained courtesy of Mathew Brett (MRC
Cognition and Brain Sciences Unit, Cambridge, U.K.),
and 10 were obtainedfrom patients tested in the Cognitive
Neurosciences Section at the National Institutesof Health.
Four of the brain volumes were not included in the analysis,
because in the opinion of the two clinicians conducting
the analysis, the volumes represented brains in a physical
state that precluded assessment for the Brodmann areas
involvedwith a lesion. The two practitionersevaluated the
brain volumes independently, using a manual method and
using ABLe. For the manual approach, each clinician
viewed the patients’ MR or CT scans in lightbox format
on a computer screen while referring to the Damasio tem-
plates, and tabulatedwhich Brodmann areas were involved
with the lesion. For the ABLe evaluation, each clinician
traced the boundary of each lesion interactively on the
computer screen, and ABLe determined lesion size and
which Brodmann areas were involved. The results from
both methods were tabulatedby two other individuals(J.S.
and M.M.), who recorded the Brodmann areas listed by
each clinician and whether there was agreement or dis-
agreement—that is, whether the area was identified by
only one user or by both. The percent agreement and the
kappa statistic (k = Po - Pc/100 - Pc where Po = observed
agreement and Pc = agreement due to chance alone) were
determined for manual versus manual, ABLe versus
ABLe, and manual versus ABLe for the first clinician,
and manual versus ABLe for the second clinician.During
the course of this study it was noted that, depending on
exactly how the user traced the lesion, sometimes nonin-

Figure 3. The registration module. The user may select MRI or CT registration, and may include or not
include the lesion, and may select linear or higher order nonlinear warping.
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volved Brodmann areas were reported as having a small
percentage of involvement, usually less than 2%. In the
opinion of the clinicians, this error was due to slight vari-
ations in manual tracing of the lesion. A very useful fea-
ture of ABLe is that it provides the percentage of each
Brodmann area that is purported to be involved with the
lesion, which allows the user to decide whether the iden-
tified Brodmann areas are involved to a significant extent
or not. For the purposes of the manual versus ABLe com-
parisons, those brain volumes that were known to have
only unilateral involvementwere compared using ABLe re-
sults from the involved hemisphere only. Tracing errors
from the noninvolved side were few.

THE ABLe MAIN MENU

Preparing Subject Brain Volume,
Normalization, and Lesion Analysis

The ABLe main menu is depictedin Figure 1. Prior to ini-
tiatingABLe, users should remove the skull and scalp com-
ponents of the MRI volume using an automated MEDx

module based on the BET algorithm(Smith, 2000).CT vol-
umes can be cleared of skull and scalp components using
an available Tcl/Tk script. Otherwise the accuracy of the
normalization of subject brain volumes to Talairach di-
mensions will be compromised.The first step is to import
into MEDx the original subject brain volume, and also the
subject brain volume from which the scalp and skull com-
ponents have been removed. The user may then launch
ABLe. Figure 1 shows that the tabs (buttons)along the top of
the ABLe main menu denote primary program functions.
When these are clicked with the mouse cursor, the pro-
gram function is displayed. The user then clicks on the
button to initiate the function and waits for prompts and
updates. When the process is complete, the user can click
“next” to initialize the next program function or may elect
to click on a program tab to open a function further down-
stream. When the user clicks on “select,” a dialog box ap-
pears, and the user selects the name of the subject brain
volume, with skull present, and the program then displays
the volume name in the entry field, as depicted in Figure 1.
Next the user clicks on “Outline lesion and compute vol-

FOLDER: Untitled –– VOLUME: FinalExtractedBinlmg

Folder Page Image Display Graphic Help

Figure 4. The map of Brodmann areas appears while the ABLe is determining which Brodmann areas are in-
tersected by the lesion. In this figure the different Brodmann’s areas are shaded differently, but the ABLe displays
the Brodmann graphics in color on the computer screen. The lesion appears as a solid white area.
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ume,” and the volume is displayed in lightbox format, as
shown in Figure 2, and a dialog box appears, asking the
user to outline the lesion in the relevant slices.

The user may use the “zoom in” feature to enlargea given
slice, and after the lesion is outlined in that slice, may
scroll to successive slices. The user outlines the lesion
with the mouse and the screen cursor, which is used as a
drawing tool. After the lesion is outlined in all the slices
in which it is observed, the user clicks on “zoom out” and
then clicks “OK” in a program pause icon. The program
will then calculate the total lesion volume as well as per-
cent of total brain volume, and display the results. In ad-
dition to lesion size determinations,ABLe may be used to
find the volume of any anatomic structure or portion of
the brain, with the brain displayed as axial, coronal, or or-
thogonal slices in lightbox format. After the volume has

been calculated, the user clicks “next” in the ABLe pro-
gram main menu and selects eitherMRI registration or CT
registratiÊÊon (Figure 3).

The user may elect to include or exclude the lesion vol-
ume for the registration, since in some cases excludingthe
lesion volume may improve the registration. Also, higher
order nonlinearwarping, “Allow for nonlinearregistration”
(Figure 3), may be selected if the linear registration pro-
ducesunsatisfactory results. The target brain volume is reg-
istered, or normalized, to a reference brain in Talairach
dimensions, and then the program determines which
Brodmann areas are involvedwith the lesion. The user may
elect to just register the volume to Talairach space and
forgo the Brodmann area determinations by clicking
“Register to Talairach space only” (Figure 3). At the end
of the registration process, the program calculates the reg-

Figure 5. The match of a normal MRI volume transformed to Talairach dimensions and the Brodmann graphics. This re-
veals how well the subject brain was registered to the reference ABLe brain. The 11 slices corresponding to the Damasio sec-
tions are shown. The correspondence between the Brodmann graphics and the subject brain margin is close throughout, with
some mismatch with the straight gyrus (gyrus rectus) in the lowest slice. Brodmann graphics that do not match precisely can
be adjusted in the slices where the mismatch occurs, and the intersection of the lesion with the Brodmann area(s) as reported
by the program can be confirmed.



QUANTIFICATION OF BRAIN LESIONS 13

Figure 6. ABLe main menu, the “Display Brodmann regions” module.

istration accuracy and displays the result. The registration
accuracy is calculated by determining the number of vox-
els in the two images that do not correspond spatially to a
voxel in the other volume, dividing this value by the total
number of voxels in the reference image, and finally, di-
viding by two, so as to count misregistrations only once.
The registration usually takes about 5 min with the linear
algorithm and 25 min with warping, depending on work-
stationspeed.The program automaticallyperforms the reg-
istration,reslices the registeredbrain volumeat a 17º cranial
angle, and selects the 11 slices that closely match those in
theDamasio templates.ABLe thenautomaticallydetermines
which Brodmann areas the lesion intersects. When this
step is complete, an image appears like that in Figure 4,
which shows the Brodmann areas as variously shaded
lines and the lesion as a solid white area. In ABLe the
Brodmann regions are depicted in color. Also, a text re-
port is displayed indicating the lesion volume, its percent-
age of total brain volume, the Brodmann areas intersected
by the lesion, and their percentage intersection. The MRI
transformation typically yields superior results to the CT
registration because MRI volumes are of a higher resolu-
tion. With CT, it is advisable to adjust the acquisition to
obtain brain volumes with the highest available resolution
in order to attain the best possible volume registration.
However, the majorityof userswill use MRI, and the match-
ing between a normalized subject brain and the Brodmann
graphics,drawn on theTalairachnormalizedreference brain
and appearing as bright lines, is depicted in Figure 5. The
subject’s brain containsan 85-cc lesion,and despite thepres-
ence of this lesion, the fit along the brain slice margins is
close, with discrepancies only in the top slice and in the
straight gyrus (gyrus rectus) in the lowest slice. The 12-
parameter linear affine transformationyieldsa close match,

with few discrepant areas, although if the user is not sat-
isfied with the result, the registration may be repeated by
excluding the lesion and also utilizing the higher order
warping, which may improve the registration. ABLe has
features to enable the user to examine the Brodmann graph-
ics fit (see next section Obtainingand DisplayingResults),
and in slices where an error in determining the intersec-
tion of a lesion with Brodmann areas may have occurred,
the user can directly verify the accuracy of the reported
intersections.Given the size of most lesions relative to the
size of potential mismatches, errors are unlikely, but the
user should always check that the Brodmann graphics fit
is satisfactory in regions where the lesion resides. If the fit
of the Brodmann graphics appears close, then the inter-
section results will be accurate.

Obtaining and Displaying Results
After the user reviews the reported results, the display

can be closed and the “Display Brodmann Regions” mod-
ule should be selected (Figure 6). After clicking on “Load
Brodmann Atlas,” the user will see the 11 slices from the
subject’s Talairach normalized MRI with the Brodmann
regions superimposed as bright lines (Figure 5). By using
the zoom feature and inspecting each slice, the user may
visually determine whether the fit of the regions is satis-
factory. A good fit indicates that the brain volume registra-
tion was successful. Any Brodmann graphic that matches
imperfectly must be selected by clicking on it, and then it
should be moved into the correct position.After adjusting
the position of the graphic—ensuring that it is selected—
the user should click on “Get Brodmann # from graphic.”
The Brodmann area number is then displayed. Thus the
intersection of the lesion with Brodmann areas in a given
slice as reported by ABLe may be checked, although the
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adjustment to the Brodmann graphic will not be reflected
in the printoutof the results. The user may return to “Gen-
erate report” in the main menu, and select “Generate HTML
report.” A dialogbox appears, asking for the subject’s case

number and type of lesion. A Netscape window will ap-
pear and display the lesion analysis results in text format,
as well as the lesion on black-and-white brain template
outlines. The text results may be edited to correct any er-

Case Number: 99999
Type of Lesion: unilateral

Volume Loss: 85.52 cc

Percentage Loss of Total Brain Volume: 3.80

Registration Accuracy: 94.64%

Lesion Intersection Results per Slice:

Figure 7. HTML report showing lesion superimposed on outline of brain slice with Brodmann areas.
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Figure 8. Markers placed on lightbox view of subject brain volume in Talairach space. The ABLe re-
ports the Talairach coordinates of the markers and the Brodmann area(s) associated with marker loca-
tion, as well as the tissue types and anatomical structures.

rors in Brodmann area reporting.An example of an HTML
report is shown in Figure 7.

Each brain slice is saved as a temporary f ile in the
workstation/tmp directory, and the user may save these
images elsewhere and print them. The results of this analy-
sis may be saved by clicking on “Save measurements.” A
dialog box appears asking for the directory path and loca-
tion to which the user wishes to save the analysis results.
These results can easily be read into Microsoft Excel.

If the user wishes to obtain the Talairach coordinates of
the lesion or any brain structure, “Talairach reporting” is se-
lected. The subject brain volume, in Talairach dimensions,
is displayed in lightbox format. The user may elect to use
this representation or may select an orthogonal display,
with sagittal, transverse, and coronal aspects. The user can
thenuse the mouse to drop markers on any loci in the images
as shown in Figure 8, and ABLe will access the Talairach
Demon Interface and provide Talairach coordinates of the
markers as well as the Brodmann areas involved.This data-
base is derived from the Talairach Demon software of

Lancaster and colleagues (2000), and is distinct from the
Damasio templates.This feature also allows the researcher
to check the lesion Brodmann area involvementfor the en-
tire brain, not just the Damasio slices.The user can exit Ta-
lairach mode by clicking “OK” in a script pause window.

Lesion Image Manipulation
A potentially very useful feature of ABLe is the ability

to compare the location and spatial extent of lesions from
different subjects. The user selects “Lesion manipulation”
in the main menu and then “Save lesion image” to save the
lesion as it appears in each slice to any desired directory
path (Figure 9). The user can load one or more lesions and
then click on “Display group of lesions.” A black-and-
white image will appear that displays the Brodmann areas
and the lesions. Note from Figure 10 that the lesion area
varies in terms of shading. This represents lesion overlap,
with brighter areas representing greater overlap. If the
user selects pixel reporting mode, any pixel within the le-
sion area can be selected, and the pixel intensity value dis-
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Figure 9. ABLe main menu, “Lesion manipulation” module.

Figure 10. HTML report showing overlap of lesions from 2 subjects. Note
that the top readout indicates that the cursor was over a pixel in which two le-
sions overlap. The light gray indicates maximum overlap. The greater the num-
ber of lesions that overlap in a given area, the brighter that area will appear.

played. If the pixel intensity is 1, then only one lesion is pres-
ent at that pixel; if the intensity is 3, then three lesions
overlap at that point. This provides a count of all the pixels
that are common to all overlapping lesions. An HTML re-

port can be generated containing this image, which can be
saved and printed. The lesion manipulation module can
allow users to assess the degree of lesion overlap among
patients exhibiting comparable cognitive deficits.
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Result of Agreement Test
Table 1 shows the registration accuracy for the 16 brain

volumes tested. In all cases, this was in excess of 90%, ex-
cept for three CT brains in which the Tcl/Tk script incom-
pletely removed the skull. This may have affected the reg-
istration somewhat, and possibly the accuracy of the ABLe.

Table 2 shows that using the manual approach, the two
clinicians agreed on 91.5% of the Brodmann areas, and
when using ABLe, they agreed on 97.6% of the Brodmann
areas. The kappa statistic, which takes into account the
likelihood of agreement by chance, was different in the
two methods, with kappa for the manual approach calcu-
lated as 0.63, which Everitt (1994) categorizes as “sub-
stantialagreement,” while kappawith ABLe was determined
tobe0.9,whichdenotes“almostperfect agreement” (Everitt,
1994). Interestingly, with the manual method the agree-
ment between the two practitioners for anterior brain areas
was approximately85%, while for posterior brain regions
it was nearly 99%. The overall results show that the agree-
ment between users evaluating lesions with ABLe was
considerably better than when the manual approach was
used.

Despite the fact that the ABLe normalizes the subject
brain volumes to Talairach dimensions, the agreement be-
tween the manual method and ABLe for each user was
good,with 87.5%and 88% observedagreement,anda kappa,
for both users, of 0.5, which denotes moderate agreement
(Everitt, 1994). The discrepancy may have been due to
two main causes. First, it was found that for three of the
CT brains, the skull stripping was incomplete,and thereby
may haveaffected registrationaccuracy. Second,ABLe nor-
malizes brain volumes to Talairach dimensions, and it
reslices the brains for comparison against axial template
Brodmann graphics, while a manual user may refer to any
of six different sets of templates. In any case, ABLe gen-
erated acceptable results. The volume loss due to the lesion
was determined by ABLe and compared statistically be-

tween the two testers. A paired t test showed a nonsignif-
icant difference between the measurements generated by
the two users (t = 0.58, p = .57).

CONCLUSIONS

The ABLe software has been tested in our laboratoryover
the past year. The software has proven to be reliable, and
is easy to use. Rudimentary UNIX workstation skills are
all that is required of the user, and the program is intended
to be useful and readily available to a broad range of pro-
fessionals, including psychologists, neuroscientists, and
clinical neurologists.The program is not intended to over-
come a lack of neuroanatomical knowledge and therefore
is designed with the assumption that users are familiar
with brain lesion analysis and neuroanatomy. ABLe is in-
tended to speed up and standardize the process of anatom-
ical analysis, but it is important that users have experience
in evaluatinglesions represented in CT and MRI scans. The
accuracy of ABLe depends to a large extent on how lesion
margins are determined and outlined by the user. The
other source of inaccuracy with ABLe is likely due to an
imperfect volume registration to Talairach space and in-
exact matching between the Brodmann graphics and the
margins of the subject’s brain slices. Registering brains
with lesions with or without ventricular enlargement is a
problem (Fiez, Damasio, & Grabowski, 2000) that still

Table 1
Registration Accuracy and Quality of Skull Stripping

Modality Lesion Registration Skull Strip
(MR/CT) Location Accuracy (%) Quality

MR (abn1) left temporal 94.6 good
MR (abn2) right temporo-parietal 93.4 good
MR (abn 3) left frontal 90.6 good
MR (abn5) right posterior 90.9 good
MR (abn6) right parietal 94.6 good
MR (ab7) right temporo-parietal 91.3 good
MR (abn9) right posterior 93.4 good
MR frontal 93 good
MR frontal 90.4 good
MR frontal 93 good
CT frontal 86.9 poor
CT frontal 77.1 poor
CT frontal 84.5 poor
CT frontal 94.1 good
CT frontal 94.2 good
CT frontal 93.5 good

Note—MR patient data tagged with ‘abn’ in the table is courtesy of Brett, Leff, Rorden, and Ash-
burner (2001).

Table 2
Level of Agreement Between Two Users of the ABLe

Observed
Comparison Practitioner Agreement Kappa Value

Manual vs. manual 1 & 2 91.5 0.63 (substantial)
ABLe vs. ABLe 1 & 2 97.6 0.90 (almost perfect)
Manual vs. ABLe 1 87.5 0.5 (moderate)
Manual vs. ABLe 2 88 0.5 (moderate)



18 MAKALE ET AL.

eludes an entirely satisfactory solution. ABLe uses a rel-
atively conservative 12-parameter linear affine registra-
tion, with the option of either including or excluding the
lesion from the registration. However, a comparison of
registration accuracy with the lesion included versus the
lesion excluded showed a nonsignificant difference be-
tween these two measurements [paired t test, t = 1.37, p =
.2, mean (lesion included) = 90.98%, mean (lesion ex-
cluded) = 90.92%].

A higher order warping algorithm is available and may
provide an improved registration in some cases, but users
need to be aware that such algorithms can potentially re-
sult in excessivedistortionof areas with tissue loss to match
the reference brain. In later versions of the ABLe, it may
be possible to use a higher order algorithm that would pro-
duce more exact sulcal matching and allow the user the
ability to effectively constrain the extent of the warping to
minimize excessive warping in areas of tissue loss or ven-
tricular enlargement. The ABLe relies on spatial relation-
ships between the lesion and Brodmann areas, while a
neuroanatomist uses landmarks, such as the central gyrus
and Sylvian fissure. It may be possible to add the option
to use landmarks to guide the registration. In any case, the
practitioner should have the habit of looking at the over-
lay of Brodmann graphics to verify the accuracy of the
program’s findings. The ability of ABLe to determine the
topography of brain lesions in terms of Brodmann’s cy-
toarchitectonic areas, and to determine lesion overlap be-
tween multiple subjects, are powerful features that should
receive an enthusiastic reception from many potential
users. The ability to print black-and-white brain slice out-
lines with lesions superimposed and with multiple lesions
allows a user to easily prepare publicationquality figures.
ABLe is based on the Damasio templates, and while these
templates are a widely accepted standard and represent an
extremely important resource, they have unavoidable lim-
itations in terms of accuracy. The Damasio templates were
prepared by referring to Brodmann’s atlas (Brodmann,
1909) and other sources. Human brain material was sliced,
and then drawings of the slices were marked according to
Brodmann’s scheme. When and if a modern atlas of cy-
toarchitectonic areas based on histological work per-
formed on several human brains becomes readily avail-
able, this can be incorporated into ABLe. For the present,
however, the Damasio templates remain the best compro-
mise, and ABLe is the only generally available, standard-
ized, automated software package that can determine the
extentof brain lesions in terms of cytoarchitectonicregions
in Talairach space. This program represents a very con-
siderable advance over manual methods of brain lesion
analysis, and it containspowerful features that should sub-
stantially facilitate research in neurological and cognitive
neuroscience laboratories.
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