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Abstract
The quantitative assessment of the anatomic consequences of cerebral infarction is critical in the
study of the etiology and therapeutic response in patients with stroke. We present here an overview
of the operation of “WebParc,” a computational system that provides measures of stroke lesion
volume and location with respect to canonical forebrain neural systems nomenclature. Using a web-
based interface, clinical imaging data can be registered to a template brain that contains a
comprehensive set of anatomic structures. Upon delineation of the lesion, we can express the size
and localization of the lesion in terms of the regions that are intersected within the template. We
demonstrate the application of the system using MRI-based diffusion-weighted imaging and
document measures of the validity and reliability of its uses. Intra- and inter-rater reliability is
demonstrated, and characterized relative to the various classes of anatomic regions that can be
assessed. The WebParc system has been developed to meet criteria of both efficiency and intuitive
operator use in the real time analysis of stroke anatomy, so as to be useful in support of clinical care
and clinical research studies. This article is an overview of its base-line operation with quantitative
anatomic characterization of lesion size and location in terms of stroke distribution within the separate
gray and white matter compartments of the brain.

Keywords
Stroke; Embolism; Image processing; Computer assisted; Magnetic resonance imaging; Cerebral
anatomy

1 Introduction
Quantitative lesion analysis is increasingly important for the characterization of stroke in
clinical neuroimaging studies [1–4]. It is potentially important to prediction of stroke outcome
and the effectiveness of therapeutic interventions in stroke [1–3,5,6]. Following image
acquisition, quantitative analysis of the specific structures involved in stroke requires lesion
segmentation. In this article, we demonstrate a freely available, modular system for lesion
analysis.

The rationale for the use of such analytic techniques comes from the principle that the
neurological deficit and the quantitative characterization of the stroke that causes it should
provide similar predictions of long-term functional outcome and act as a guide for therapeutic
monitoring. The neurological deficit according to the NIH Stroke Scale (NIHSS) in the acute
phase of stroke is predictive of long-term disability [7,8]. This scale integrates judgments
following the standard neurological examination of the relative degrees of impairment levels
of consciousness, attention, language compression and production, visual fields and gaze,
motor paresis and coordination paresis and somatic sensory function. Furthermore, the volume
of tissue destroyed by stroke as estimated in the acute phase from diffusion-weighted MR
imaging is closely predictive of the stable, long-term volume of tissue loss from stroke (>1
month) [5]. However, this volumetric loss has not proved to be as reliably predictive of long-
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term disability as the specific neurological deficits as characterized by clinical measures, in
particular, the NIHSS [9,10].

Acutely administered thrombolytic and anticoagulant agents may restore the sufficiency of
perfusion and thus conserve brain tissue thereby lessening the degree of neurological deficit
[11–18]. However, pharmacologic agents protective against excitotoxic tissue dissolution,
shown unequivocally to have brain tissue sparing effects in experimental animals [12,19–21],
given acutely to patients with stroke have had no identifiable brain sparing effect in so far as
this could be detected by measures of stroke volume or long-term disability [3,7,12,19–29].
Among the reasons that clinical trials have failed to confirm the predictions from the
experimental studies may be limitations of the sensitivity and anatomic specificity of the
methods and tools that have been used to determine the tissue damage effects in human studies.
Such limitations relate in particular to estimates of the components and degree of the
neurological deficit as the surrogate estimates of the volume and distribution. There may be
tissue salvage due to neuroprotective agents that are not detected by current methods of analysis
if the topographic details and volumes of the stroke are not accounted for.

The weight of evidence coming from perfusion–diffusion mismatch in acute human stroke
unequivocally indicates that brain tissue remains at risk and is potentially salvageable for many
hours and possibly days after the acute event [3,24–29]. The neurological deficit, as
characterized by the clinical examination is variably predictive of the location and size of the
stroke. It is most strongly predictive of relatively small infarctions limited to the primary motor,
somatosensory or visual cortices (M1, S1, or V1, respectively), but less well to the degree that
the lesion involves non-primary or association areas [30–41]. Overall, however, taking into
consideration the location and size of the lesion improves the reliability of the prediction of
the severity of the neurological deficit [39]. The progression of ischemia and infarction may
vary among cerebral regions with quite different implications for clinical outcome [42].

We present here an overview of the operation of “WebParc,” a freely available computational
system that provides measures of stroke volume and lesion location with respect to canonical
forebrain neural systems nomenclature. Similar in concept to the methods of Nowinski et al.
[43–45], it is implemented in the template registration style of localization analysis [46,47]. In
the absence of direct segmentation of structures in the patient images, template registration
provides one of the only ways to determine topographic location properties of the lesion.
Differences with these prior methods include use of alternate topographically defined anatomic
templates, use of a freely distributed modular architecture that is suitable for testing and
documenting relative performance and improvements of each module with respect to human
expert analysis, and provision of a baseline set of validation and reliability measures of this
implementation. It is complementary to the methods of Nowinski et al. [43–45] in that many
of the advances in automation of segmentation and speed of registration can be quantified using
this system. Indeed any modular improvement over the baseline implementation can be readily
accomplished. It is envisioned to be user friendly and efficient in application, making it
potentially useful in assessment of the topography and progression of stroke over the interval
that a patient is acutely hospitalized and through the period of follow up.

2 Methods
2.1 Overview

The application is simple in concept and designed for the quick estimation of size and location
of lesions observed in clinical images. In brief, WebParc is a data management system that
securely receives a clinical imaging data set, receives lesion annotation from the clinician, and
expresses this lesion information with respect to a set of co-registered anatomic templates of
detailed anatomic structures. The output of the system includes an estimate of lesion volume
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with respect to the anatomic structures in the templates. The system is modular, and includes
a DICOM server to receive the clinical imaging data, a set of anatomic templates, an automated
preprocessing and registration stream, a lesion annotation web application, a database to
support the data management, and a web-based user interface for execution of the system
functions (see Fig. 1). We present here the system invoked using very basic functionality for
each of these modules to provide a baseline measure of system performance. It is acknowledged
that virtually every module can be improved, and the quantification of these improvements
over baseline will be the important objectives of future studies.

2.2 WebParc modules
2.2.1 DICOM server—The clinical image set is uploaded from the clinical PACS system to
the WebParc DICOM server using the DICOM shareware package from Central Test Node
(CTN) at http://erl.wustl.edu/research/dicom/ctn.html [48]. The program simple_storage from
this package receives the DI-COM images from the push and stores them to disk.

2.2.2 Templates—In this implementation of the system, we utilize two anatomic templates.
The first is a “general segmentation” template that consists of the following structures in their
entirety: cerebral cortex, cerebral white matter, thalamus, caudate, putamen, pallidum,
acumbens, hippocampus, amygdala, lateral, third and fourth ventricles, cerebellum cortex,
cerebellum white matter, and brainstem. These regions are defined using the methods of Filipek
et al. [49,50]. The template is built from a coronal, 1.5-mm slice-thickness volumetric T1-
weighted magnetic resonance imaging (MRI) scan of an individual, 32-year-old, right-handed
male subject. The second template is a “cortical parcellation” template, where the cerebral
cortex is divided into the canonical forebrain gyral pattern [51,52]. Table 1 includes a listing
of these regions and their abbreviations. This template was generated from the same subject
and images as the general segmentation template above. Each template has an “n-ary” region
label mask (each unique region has a unique fill value), which we refer to as the “template,”
and the corresponding, registered T1-weighted anatomic grayscale image that underlies the
template, referred to as the “template image”. The template image is identical for the general
segmentation and cortical parcellation templates.

2.2.3 Preprocessing steps—Upon image receipt at the WebParc server, a number of
preprocessing steps are automatically initiated. This includes conversion of the DICOM input
data into the Analyze image format, using the program mri_convert from the FreeSurfer
software package [53] (http://www.nitrc.org/projects/freesurfer/). No additional parameters
are provided, as we desire only simple output format conversion. Next, we perform brain
extraction in the clinical image using the Brain Extraction Tool (BET) from the FSL software
toolkit [54,55] (http://www.nitrc.org/projects/fsl/) with no additional parameters. This is
followed by linear affine registration of the clinical scan to the template image using FMRIB’s
Linear Image Registration Tool (FLIRT), also from the FSL software toolkit. An initialization
matrix is provided in order to direct the registration from the clinical acquisition orientation
(i.e., axial) into the coronal orientation of the template image, and the -nosearch option is
selected. Once completed, the saved transformation matrix is inverted (using convert_xfm –
inverse from the FSL package) and applied to the templates to cast them in registration with
the clinical scan in its native acquisition space. This template reformatting is accomplished
using the FLIRT program with the -applyxfm –init {inverse_transformation_matrix} options.
This complete set of pre-processing currently requires approximately 10 min of elapsed time.
The database, see below, is updated to include this study and scan as available to the user
interface.

2.2.4 Lesion annotation—The lesion is segmented in the clinical imaging set by hand with
a Java applet that provides web-based visualization of the clinical scans (Fig. 2). In this simple
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interface, the user can step through the clinical scan slices, manipulate the window and level
settings, invoke the lesion drawing function, and toggle on/off the template and lesion masks.
Registration quality is manually verified prior to lesion segmentation. If the visual alignment
of the template brain exterior border were to be visually appreciated to be greater than 5 mm
from the brain exterior border as seen in the clinical image, then the remaining lesion annotation
process is not performed. “Off-line” improvements in registration can be performed, and the
processing re-instated upon successful registration. This off-line correction was not needed in
either the validation or reliability studies reported herein. In the lesion-mask draw mode, the
user right-clicks points around the periphery of the lesion. Upon leaving the draw mode, the
first and last click points are connected. The lesion mask can be deleted for the current slice,
or all slices, if desired. The lesion mask can be saved at any point in the process. The lesion
segmentation mask can be traced from a series of 10–20 images in approximately 10 min,
depending upon lesion extent. Each saved mask updates the database (see below).

2.2.5 Database—Data management is controlled by a back-end database built in
PostgreSQL. The study is the principal element of the database structure. Each study can have
multiple scans and each scan, in turn, can have multiple masks created from it and multiple
templates registered to it. Any available mask can be intersected with any available template
for a scan, in order to generate a new result. There is a separate table for registered users of
the system. See Fig. 3 for the detailed database schema.

2.2.6 User interface—The user interface controls all access to the images, lesion annotation,
result generation, and data export. Owing to the potential sensitive nature of the data contained,
all users must be registered and authenticate their session. Patient privacy is ensured using
secure connections, registered users with passwords, and a system of user permissions. Once
logged in, the user can navigate the existing studies and scans, identifying cases for which
lesion masks need to be generated, and execute the lesion mask–template intersections to
generate the desired quantitative representations of the lesion. As the template anatomy is
registered with the clinical images, the intersection of the lesion with the template provides a
measure of volume with respect to specific structures and the percentage of that structure that
is involved, and is executed in near real time. The system includes a schematic graphic display
for percent involvement of the neocortical parcellation units (Fig. 4). The resulting data can
be exported for further statistical treatment outside of the WebParc system. Intersections
between multiple lesion masks can also be performed to support inter- and intra-rater
comparisons. The interface is coded in HTML+CSS. The webserver is implemented in Python
on top of Apache (using mod_python).

2.3 Validation study
The series of images selected for validation of this approach includes MRI-based three-
dimensional (1 × 1 × 3 mm resolution) T1-weighted coronal SPGR imaging sequences in 21
subjects ranging in age from 34 to 75 years and presumed from the clinical analysis to have
had MCA embolic strokes. These patients have been the basis of prior studies [30,31]. The
topographic and volumetric analyses in each were performed approximately 6 months after the
acute event. The semi-automated cardviews software package, taken as the standard for expert
clinical analysis for this study, was used to perform general anatomic segmentation and cortical
parcellation of the stroke lesion and all spared tissue in each case [56]. The segmentation
operation for lesion analysis using cardviews is detailed in Caviness et al. [31]. In short, the
perimeter of the principal infarction was traced using the full dynamic range of signal intensity
allowed by the imaging parameters. Frank cavitation and a surrounding rim of altered signal
intensity were readily distinguished from adjacent brain tissue. General segmentation of the
spared brain tissue was performed as detailed in Filipek et al. [49]. The procedure involved
user-guided local intensity contouring and manual refinement based upon a comprehensive set
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of standardized and validated anatomic “rules” for each of the anatomic structures. Cortical
parcellation of the spared tissue followed the procedure of Rademacher et al. [52], and involved
tracing a canonical set of limiting sulci and a rule-based system for creating gyral-based cortical
regions throughout the hemisphere. The complete set of analyses in these patients, including
complete anatomic segmentation, parcellation, and lesion analysis is knowledge and labor
intensive, and requires up to 2 days per brain to accomplish.

Our comparisons here between the cardviews and WebParc estimates include overall lesion
volume, as well as the lesioned volume percent of the general segmentation and cortical
parcellation regions as obtained using these two different systems. We generate the Pearson
product moment correlation coefficient for correspondence between the two measures.

2.4 Reliability study
For the assessment of methodological reliability, diffusion-weighted imaging (DWI) data was
obtained from 10 patients imaged in the 24–48 h interval following acute infarction in the
centro-sylvian region of the cerebrum as a result of embolus to the middle cerebral artery.
Images were performed on a 1.5T Siemens Sonata system and included axial 5-mm skip 1-mm
diffusion-weighted acquisitions with TR = 5,000 ms, TE = 80 ms and b-value = 1,000.
Windowing with respect to image, signal intensity and contrast were operator controlled by a
slide bar where these parameters were optimized visually with respect to the operator-perceived
definition of the boundary of thalamus and posterior limb of the internal capsule of the
hemisphere opposite the acute lesion. The infarctions selected for analysis had been initially
established to be at least 15 cc in volume. For each case, there was only the single salient
infarction although brains with minimal amounts of ipsilateral or contralateral leucomalacia
were not excluded. The complete sequence of image planes presenting the region of stroke-
induced elevation of DWI signal is segmented. For estimates of intra-rater reliability, one rater
(VSC) performed the analysis three times. The mean and standard deviation of the coefficients
of variation for all measures of the lesioned volume of each structure were calculated. For inter-
rater reliability, a second rater (NM) analyzed each of the cases. Mean value of lesion volume
by structure was calculated. The mean inter-rater difference in absolute value and percent of
structure was calculated per structure, and the Pearson product moment correlation coefficient
between the two raters generated.

3 Results
A prototype of this application has been created in a secure web-based environment. This
prototype application was used to generate the results of the validation and reliability studies
to be presented.

3.1 Validation
The cardviews estimate provides segmentation and parcellation of the entire brain and stroke
volume [31]. The fully segmented and parcellated cardviews-defined lesion mask is registered
and intersected with the WebParc templates (which use the same segmentation and parcellation
scheme) to give the estimates of stroke tissue volume and localization. Thus, this method
compares estimates of volume of specific anatomic structures normalized to a template to
volumetric measures of these same structures which were precisely and accurately determined
by a segmentation method applied directly to the individual brains. In some of these, the lesions
the topography were mildly distorted by leptomeningal scarring of the gyration pattern and
shrinkage of the hemisphere. The measures of variation reflect these distortions. In none was
there swelling, hernation, or a secondary hemorrhagic mass. Such distortions are of course
regularly encountered in stroke and may be expected to affect the accuracy of estimates of

Kennedy et al. Page 6

Med Biol Eng Comput. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



volume of specific neurological structures as estimated by normalization to a template when
this occurs.

3.1.1 General segmentation—The agreement across all measures between cardviews- and
WebParc-based (CV–WP) estimates of volumes of cerebral structures destroyed by stroke is
high with r2 > 0.98 (Fig. 5a; Table 2). The structures with the largest lesion mass, the cerebral
cortex and the central cerebral white matter, demonstrate r2 > 0.95. Estimates for pallidum and
putamen, in which estimated infarction was only of the order of 1–3 cc, still provided r2 > 0.6.

3.1.2 Parcellation units—The agreement between cardviews and WebParc cortical
parcellation values, although less strong than that for general segmentation, is still good but
with much greater variance (r2 approximately 0.7; Table 2; Fig. 5b). For PU found to be
involved in at least 6 of the brains, the r2 generally ranged from ~0.5 to >0.9 with the average
falling at ~0.65. This is illustrated by an example plot for the insula (INS) (Fig. 5b), a PU at
the center of the Sylvian area and involved in most of the strokes. It is pertinent here to note
that that INS was frequently totally involved in the lesion.

3.2 Reliability
3.2.1 Overview of lesion distribution—The reliability study was based on 10 brains with
MCA embolic strokes that were not included in previously published studies. All the 10
involved cerebral cortex and white matter while 4 patients also involved subcortical nuclei.
Most of the strokes were centered in the centro-Sylvian territory, although with substantial
stroke-to-stroke variation with respect to specific topography. Volumes of strokes varied from
25 to 213 cc (mean = 66.0 cc). Such variation, we have earlier emphasized, is consistent with
embolic occlusion of the MCA [30].

3.2.2 Intra-rater reliability—A single operator (vsc) analyzed each of the 10 brains three
times. The average coefficient of variation of the total lesion volume was 5% (range 1–12%)
and that for total cerebral cortex and white matter involvement was similar (Table 3). The
intrarater variability increases in the sub-cortical regions, where total volume of lesion
involvement is small, and is only affected in a small subset of the cases. The average intrarater
coefficient of variation (CV) across all cortical parcellation units involved in at least four cases
is 6%, and ranges from a minimum of 3%, for the insula (INS) and the anterior portion of the
supramarginal gyrus (SGa) to a maximum of 13% for the posterior supramarginal gyrus (SGp)
(Table 3).

3.2.3 Inter-rater reliability—A second investigator (nm) executed a single mask in each of
the 10 image sets from the DWI series. It was done without reference to the masks executed
on the comparisons images sets by the first operator. In general, there was excellent
concordance between the average of three values by rater 1 and the single values by rater 2
(Table 4; r2 = 0.933; Fig. 5c). The two raters averaged a volume difference of approximately
5 cc, representing approximately 6% of the total lesion estimate. As with the intra-rater data,
the inter-rater concordance is reduced in the subcortical gray matter structures, again due
principally to their small size and infrequent occurrence. With respect to overall cortical
parcellation units, the correlation between the two raters is again very high (r2 = 0.930; Fig.
5c; Table 4). Volumetric agreement is more variable, ranging from 3 to 22% in these structures.

4 Discussion
This initial version of WebParc meets satisfactorily its first-order objectives. Being web-based,
the system may be used at any computer with a web browser and is well suited to a clinical
setting. It validly approximates the volumes of strokes where these have been estimated by the
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time-intensive cardviews approach [30,31] where measures are made on the individual brain
rather than from normalization to a template. Thus, despite what must be topographic distortion
of the abnormal brain with reference to its topography prior to stroke and other errors inherent
in the template-registration method, the WebParc approximation for total stroke volume and
for that of the major forebrain anatomic compartments is still highly correlated with direct
observation and demonstrates inter-rater reliability in the range of 5% or better. The reliability
of volume estimates for the separate gray matter forebrain structures and cortical parcellation
units were more variable. Coefficients of variation were generally less than 20% and for
structures greater than 1–2 cc in volume, it approached the 5–10% level achieved with the
general segmentation.

The observed level of reliability using this method is only modestly less favorable than that
obtained by Luby et al. [57], using a system where data were obtained by extensively trained
operators working with workstations with state of art display properties generally available
only in the radiology departments of advanced hospitals. In the present case, the lesion
segmentations were done on standard issue desktop computers where the resolution of viewing
screens would be comparable to that on general desktop models available on the clinical floors
of our hospital for use in support of patient care. The investigators were familiar with reading
brain MRIs in general for clinical usage and also with the general operation of the software.
Training for the application of WebParc only comprised several images of sets that had been
traced in part multiple times during software development to set criteria for windowing and to
familiarize the operators with its specific operations. The data from WebParc analysis is readily
displayed for visualization. Other potential operational advantages are that image data can
originate from any imaging modality, e.g., all MRI, CT or PET based, provided that the basis
for a sufficient registration to the standard templates can be achieved. Figure 6 demonstrates
the general versatility of the platform in application to diffusion, as well as numerous MR-
based perfusions measures in a single patient, as well as CT in a separate patient. While detailed
discussion of the reliability or validation of these quantitative measures is beyond the scope of
this presentation, these topics will need to be addressed within the context of the specific details
of these additional imaging modalities in terms of issues pertaining to registration, lesion
segmentation, etc.

The technical design of the WebParc system intentionally employs a modular architecture that
permits future enhancements. The templates are modular, and a variety of anatomic analysis
systems derived from individual and probabilistic representations from any demographic
population can be used. Estimates of vascular territories, as in Nowinski et al. [43–45] are also
highly informative. The segmentation module can be augmented with more automated methods
for lesion extraction. The linear registration module can be replaced with more complex
registration schemes that may enhance overall accuracy. The current study provides an
assessment of the simplest instantiation of this approach that should serve as a validation for
the general approach, and provide a baseline upon which future technical advanced can be
measured.

While automated segmentation of infarct has been achieved in some cases [43–45], there still
is a broad class of clinically appreciable infarct presentation for which there is not yet a
routinely available automated approach. Despite the inherently larger potential variation that
may come from manual techniques, these techniques can still provide clinically viable infarct
quantification. They also provide a baseline expert-observer set of observations upon which
the benefits of enhanced technology (in automation, registration, etc.) can be quantified. Our
demonstration of this software instance in relatively high-contrast datasets that are potentially
amenable to automated approaches is necessary to minimize clinical decision variance and
expose the variances that are imparted by the processing scheme. As such, these measures
provide a “best-case” estimate of these errors. Whatever the quantification system, we must
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provide a set of baseline reliability measures to determine those clinical questions to which the
solution has potential applicability.

This version of WebParc, as noted, requires only a matter of 10 min for data transfer and
preprocessing, and an additional 10 min for segmentation of a mask outlining a volume
according to DWI signal. Thus, depending upon when the user initiates the process, quantitative
results can be obtained in as little as 20 min from the end of the scanning session. The present
version is replete with routines that generate all derivative data sets included in this manuscript.
This type of system can be used for calculation of progression of lesion volumes across a series
of scans in the same patient as a function of elapsed time following the estimated time of the
stroke event.

The operational features make the program suitable for monitoring the apparent volume of
stroke according to any template structure or compartment. It is logistically not possible to do
serial imaging and to process these according to WebParc in support of minute-to-minute
assessments during the immediate acute interval after hospital admission. However, this type
of analysis could well be useful for monitoring effects of interventions or changes in the medical
or neurological state over days during the acute hospital admission. It is well suited, moreover,
for monitoring the longer-term evolution of the lesion as by the FLAIR or T1-weighted
modalities in relation to neurological recovery.

4.1 Limitations
We have not as yet undertaken a systematic analysis of the reasons for the inter-rater variation
estimated in this analysis. We suspect that it relates to variations in operator judgment at the
margins of DWI abnormalities where signal intensity typically fades in a graded fashion. Thus,
the apparent margins may vary depending upon “windowing” levels chosen by different
investigators. It may vary depending upon the resolution of the workstation available for the
analysis. Such variability could in principle be lessened by an automated system that segmented
the stroke computationally [43–45,58,59] although such an approach would demand informed
investigator supervision to edit out the abundant high signal artifact characteristic of DWI, for
example, the one typically observed near the base of the temporal lobes.

In the clinical setting, the imaging plane thickness can be typically 5 mm, and there may be
gaps between the series of image planes. WebParc treats the subject data as a continuous block
at the effective slice separation (slice thickness plus gap). Such conditions obviously limit the
sensitivity of the method, and its utility will rest with the judgment of the clinician or
investigator as slice separation becomes large and higher-order interpolation and resampling
schemes could be envisioned. However, this factor has not been demonstrated to be overly
problematic in data with 6 mm (5 mm skip 1 mm) effective separation as used here.

Higher-order spatial registration schemes can also be implemented. It is noted, however, that
there will typically be a throughput time “cost” and additional potential modes of failure as
registration becomes more complex. However, the ultimate resolution of this type of system
is predicated upon the quality of the underlying anatomic registration. Significant spatial
variability is known to exist under linear or affine transformation techniques and is reduced
using various non-linear applications [60]. We note that using linear registration techniques,
approximately 65% of large structures such as cerebral cortex and white matter will overlap,
whereas for smaller subcortical regions, this overlap may be reduced to approximately 55%.
Anatomic overlap is a useful basis for evaluation of the underlying registration technique for
any implementation of this type of solution.

WebParc obviously addresses only a limited, but potentially critical, subset of the various
limitations in linking the animal and human study. For example, the topography of MCA stroke
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is profoundly different from that of perfusion compromise in animal studies as usually
designed. The stroke volumes in a series of dysphasic subjects studied here, all with MCA
embolic strokes varied over two orders of magnitude with the spatial distribution of infarction
ranging over the entire territory of the MCA [30,31]. The strokes variably involved superficial
and deep cerebral structures. Only an approach that provides morphometric and topographic
representations of the lesion, will allow a study design to control for the variables of volume
with respect to specific structure, tissue type or location within the territories of a given vascular
perfusion domain. WebParc is an example of a system that brings the advantages of simplicity
of application, efficiency, and acceptable levels of reliability to these objectives in stroke
research.

Whereas the present analysis treats only MCA strokes, the method is equally applicable to
other forebrain vascular territories. We have used it on our clinical service in analyses of strokes
in both the PCA and ACA territories (data not illustrated). We have not as yet applied it to
analyses of stroke in the cerebellum but do not foresee difficulty in doing so in that it can be
based upon a comprehensive parcellation system previously worked out in our laboratory
[61]. Also we have not applied it to strokes in the brain stem where the method may be less
reliably matched to a normalized template because of small size of the brain stem and its
variable angulation with respect to the forebrain coordinates. We also add that the method is
viewed in principle as having general applicability to any image sets where there is a
topographically definable abnormality imposed upon a brain that is suitable to normalization
to a template of the normal brain, for example, tumor, hemorrhage, or multiple sclerosis (MS)
lesions. It would not be suitable to analysis of gross developmental malformations such as
holoprosencephaly or lisencephaly where the topology of structure is not comparable to that
of the normal brain.

4.2 Prospects for future use
We envision the method as having application primarily in the study of stroke and stroke
treatment; but the potential exists for the study of any condition where the topography of
abnormality is defined by an imaging method. This would of course include non-embolic
vascular disorders such as leucoaraiosis which may be expected significantly to affect the
evaluation of stroke as well as the degree of recovery from disability [62–65] or hemorrhage.
With respect to stroke, we propose that the approach can be a component of future trials of
neuroprotective agents where effectiveness can be judged both in terms of tissue salvage with
respect to specific structures as well as neurological recovery [66,67].
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Fig. 1.
Overview figure showing the data flow and modular design of the WebParc system
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Fig. 2.
WebParc visualization interface. The user can visualize the clinical images (upper left), visually
validate the registration between clinical case and template (lower left), and then proceed to
make the lesion segmentation using mouse-driven cursor (upper right). Upon completion of
the segmentation, the user initiates the intersection of the lesion mask with the template-based
regions of anatomic interest, yielding a “lesion volume” for each anatomic region that the lesion
intersects with (lower right)
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Fig. 3.
WebParc database schema. Detailed depictions of the study, scan, template, mask, result and
usr database constructs are displayed
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Fig. 4.
Web-based interface to WebParc results. Top panel shows the quantitative results of the lesion
intersection with the specified template. The lower panel shows the cortical parcellation
intersection results on an idealized template for simplified visual interpretation. Regional
abbreviations are provided in Table 1
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Fig. 5.
cardviews–WebParc regression plots. a “General segmentation”: regression for all (N = 67)
general segmentation measures across all subjects (left) and regression for the volume estimate
of cerebral white matter involvement across the 21 subjects (right). b Cortical parcellation:
regression for all (N = 336) parcellation unit measures across all subjects (left) and regression
for the volume estimate of insula involvement across the 16 of the 21 subjects that had
involvement of this region (right). c Intrarater correlation plots for total lesion (left) and all
parcellation units (right). Note that the r2 value for the intrarater correlation plots for total
lesion plot goes to 0.356 when the large lesion is excluded
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Fig. 6.
Multimodality examples of WebParc use. The top four panels represent different MR imaging
modes in a single patient, and include diffusion-weighted imaging (DWI), cerebral blood
volume (CBV). Cerebral blood flow (CBF), and mean transit time (MTT). Spatial details of
the user-perceived lesion in each of these modalities can be different, and these differences
were quantified using this application. The bottom panel demonstrates the WebParc
functionality on CT imaging
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Table 1

Abbreviations

Abbreviations Structure: full name Abbreviations Structure: full name

AG Angular gyrus PHa Parahippocampal gyrus, anterior
division

CALC Intracalcarine cortex PHp Parahippocampal gyrus, posterior
division

CGa Cingulate gyrus, anterior division PO Parietal operculum cortex

CGp Cingulate gyrus, posterior division POG Postcentral gyrus

CN Cuneal cortex PP Planum polare

CO Central opercular cortex PRG Precentral gyrus

F1 Superior frontal gyrus PT Planum temporale

F2 Middle frontal gyrus SC Subcallosal cortex

F3o Inferior frontal gyrus, pars opercularis SCLC Supracalcarine cortex

F3t Inferior frontal gyrus, pars triangularis SGa Supramarginal gyrus, anterior
division

FMC Frontal medial cortex SGp Supramarginal gyrus, posterior
division

FO Frontal operculum cortex SPL Superior parietal lobule

FOC Frontal orbital cortex T1a Superior temporal gyrus, anterior
division

FP Frontal pole T1p Superior temporal gyrus, posterior
division

H Heschl’s gyrus (includes H1 and H2) T2a Middle temporal gyrus, anterior
division

INS Insular cortex T2p Middle temporal gyrus, posterior
division

JPL Juxtapositional lobule cortex T3a Inferior temporal gyrus, anterior
division

LG Lingual gyrus T3p Inferior temporal gyrus, posterior
division

OF Occipital fusiform gyrus TFa Temporal fusiform cortex, anterior
division

OLi Lateral occipital cortex, inferior
division

TFp Temporal fusiform cortex, posterior
division

OLs Lateral occipital cortex, superior
division

TO2 Middle temporal gyrus,
temporooccipital part

OP Occipital pole TO3 Inferior temporal gyrus,
temporooccipital part

PAC Paracingulate gyrus TOF Temporal occipital fusiform cortex

PCN Precuneous cortex TP Temporal pole
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Table 2

cardviews (CV)–WebParc (WP) validation results

Anatomic structurea N CV volume
Average (cc)

WP volume
Average (cc)

r2

Cerebral cortex 19 61.8 61.3 0.986

Cerebral white matter 19 44.9 40.5 0.972

Putamen 13 2.4 1.9 0.628

Pallidum 8 0.7 0.6 0.689

INS 16 4.2 4.0 0.974

CO 14 3.0 3.2 0.629

F3o 14 3.7 2.9 0.544

PRG 14 6.4 6.8 0.808

PT 14 1.7 1.9 0.447

SGp 14 5.0 6.5 0.565

F2 13 4.6 4.8 0.743

FO 13 1.6 1.4 0.387

POG 13 5.8 9.4 0.728

FOC 12 2.9 3.9 0.740

H1 12 1.1 1.0 0.734

PO 12 2.3 1.8 0.466

PP 12 1.7 1.2 0.534

TO2 12 4.9 2.2 0.568

F3t 11 2.4 2.1 0.620

OLi 11 2.7 2.6 0.933

OLs 11 4.9 5.9 0.860

T1p 11 3.4 2.5 0.428

AG 10 2.5 1.3 0.452

SGa 10 4.6 1.6 0.581

T2p 10 3.5 3.1 0.433

FP 9 8.1 7.6 0.944

T1a 8 0.9 1.1 0.148

SPL 7 3.6 2.8 0.759

TO3 6 2.5 1.7 0.974

TP 6 4.5 3.7 0.938

a
Data are shown for anatomic structures that were lesioned in six or more of the 21 subjects in this cohort. The anatomic regional names are provided

in Table 1
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Table 3

Intrarater reliability

Anatomic structurea N Volume Intrarater coefficient of variation

Mean (cc) Range (cc) Mean (%) SD (%)

Total lesion 10 66.0 25.9–214.0 5 3

Cerebral cortex 10 32.7 11.8–106.0 5 3

Cerebral white matter 10 24.9 9.5–79.9 6 4

Caudate 4 1.9 1.8–2.2 9 8

Putamen 4 3.1 2.8–3.3 4 2

Pallidum 4 1.2 1.1–1.2 9 6

Thalamus 4 2.5 1.5–3.2 10 3

PRG 4 5.4 1.7–10.0 7 9

SGa 4 1.8 1.2–2.5 3 2

SGp 4 3.7 1.3–7.4 13 9

TP 4 3.6 1.3–10.0 4 2

PO 5 1.5 1.1–2.5 6 5

CO 6 3.4 1.1–5.1 4 5

INS 7 5.7 2.8–8.0 3 4

POG 7 4.1 1.1–6.6 8 5

a
Data are shown for anatomic structures that were lesioned in four or more of the 10 subjects in this cohort. The anatomic regional names are provided

in Table 1
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