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Abstract. Lesion-symptom mapping is a valuable tool for exploring
the relation between brain structure and function. In order to perform
lesion-symptom mapping, lesion delineations made on different brain CT
images need to be transformed to a standardized coordinate system. The
preferred choice for this is the MNI152 template image that is based on
T1-weighted MR images. This requires a multi-modal registration procedure to transform lesion delineations for each CT image to the MNI152
template image. A two-step registration procedure was implemented, using lesion-masking and contrast stretching to correctly align the soft
tissue of the CT image to the MNI152 template image. The results were
used to transform the lesion delineations to the template. The quality
of the registration was assessed by an expert human observer. Of the
86 CT images, the registration was highly successful in 71 cases (83%).
Slight manual adjustments of the lesion delineations in the standard coordinate system were required to make unsuccessful cases suitable for a
lesion-symptom mapping study.
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Introduction

Acute ischemic stroke frequently causes cognitive deficits. [1] Besides the volume of lesions, the exact location of lesions is an important factor in explaining the variance in post-stroke cognitive performance. [1] The study of these
patients with acquired brain damage is a valuable tool for exploring the relationship between brain structure and function. Lesion-symptom mapping studies
have provided valuable insights in neuroanatomical correlates of various cognitive functions. [2]
Traditional approaches to lesion-symptom mapping include comparing the
performance of groups of patients with and without lesions at one or more predefined locations. [2, 3] Recently, more sophisticated methods have emerged, such
as voxel-based lesion-symptom mapping (VLSM). [3, 4] A major advantage of
VLSM over traditional approaches is that it allows for assumption-free calculation of associations between brain injury and behavioral performance at each
individual location (i.e. voxel) in the image.
?
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A prerequisite for performing voxel-wise analyses is that the lesions have to
be segmented and registered to a standard space. Segmentation of the lesions is
done by delineating the location of lesions manually or (semi-)automatically on
structural imaging (usually CT or MRI T1- or T2-weighted sequences), resulting
in a lesion mask for each subject. Next, all lesion masks are transformed into
a standardized coordinate system. Each voxel in this standardized coordinate
system contains information regarding the presence or absence of a lesion at
that specific location for each subject. Finally, a VLSM approach is used to
investigate the relation between the occurrence of a lesion at a specific location
and cognitive performance.
The MNI152 standard-space MRI T1-weighted average structural template
image (shortened as: MNI152 template) is often used as the standardized coordinate system that all lesion masks are transformed to. [5, 6] This MNI152
template is derived from 152 individual images, as described by Fonov et al. For
this template, a number of anatomical atlases are available, making it a popular
choice when performing lesion-symptom mapping. [7]
Ischemic brain lesions are often imaged using CT—because of higher availability and shorter acquisition time—whereas the MNI152 template is based on
MR images. This complicates the registration procedure. A common solution
is to acquire a T1-weighted MR image of each subject and perform a two-step
registration. Hereby the CT image is registered to the T1-weighted image and
the T1-weighted image to the MNI152 template. Both transformations are combined to transform the CT image directly to the standard coordinate space. If
T1-weighted images are not available, which is the case by imaging of acute
ischemic lesions, the CT image has to be registered to the MNI152 template directly. This is more complicated, because the registration procedure has to deal
with both the difference in modality and shape of the head.
In literature, some methods are described to perform this inter-subject registration between CT and MR (template) images. [8, 9] The general consensus
is that a deformable registration optimizing a mutual information metric is required. However, details of the practical implementation of this approach are not
always described. Especially for the purpose of lesion-symptom mapping studies,
where the presence of brain lesions and the low soft tissue contrast in the CT
images complicates the registration. A recent publication by Gao et al. describes
a procedure for registering brain CT images to an MRI template, by including
the mid-sagittal plane to constrain the deformable registration. [10] However,
the presence of brain lesions is not reported and the results were only evaluated
for the total brain volume, disregarding the difficulties of registering the soft
tissue within the brain.
The goal of the present study is to develop a method to transform lesion
masks to a standardized space for the purpose of lesion-symptom mapping,
by registration of CT images directly to the MNI152 template. The proposed
method consists of two steps: an affine registration to globally align the CT image with the MNI152 template and a deformable registration to locally match

the template. The resulting transform is applied to the delineated lesions and
the quality of the transformed lesion masks is assessed.
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2.1

Methods and Materials
Participants & CT

From a prospectively collected database of patients who were admitted between
November 2005 and December 2012 with ischemic stroke to the University Medical Center Utrecht, we included 86 patients. Patients fulfilled the following inclusion criteria: (1) first-ever ischemic stroke; (2) an infarction on follow-up CT;
(3) no infarcts from earlier date. Because the data were gathered in order to
study the relation between lesion location and cognitive performance, patients
with known pre-existent impaired cognition were also excluded.
All CT scans were performed in the setting of standard clinical care and
were acquired using a Philips Mx8000 16, Brilliance 64, or Brilliance iCT 256
CT scanner.
Lesion locations were manually delineated on the CT images by an experienced observer, with an in-house developed tool based on MeVisLab (MeVis
Medical Solutions AG, Bremen, Germany [11]).
2.2

Affine registration

All registrations, both affine and deformable, were performed with the elastix
toolbox. [12] The used MNI152 template has a voxel size of 1.0 mm3 . To globally
align the CT image with the MNI152 template, an affine registration considering
only the bone was performed.
The bone was extracted from the CT images: intensity values below 500 HU
were set to zero, intensity values equal to or above 500 HU were untouched. The
MNI152 template was modified to extract the bone. First, the template image
intensities were inverted to produce high intensity values at the location of the
bone. Next, the image was thresholded to extract the bone and a mask was
applied to suppress the background. An example is shown in Figure 1. Note that
the ventricles are visible in the bone-extracted MNI152 template image, because
of their low intensities. This does not influence the registration, since there are
no intensities to match in the bone-extracted CT image.
An affine registration was used to transform the bone-extracted CT image
to the bone-extracted MNI152 template, following the recommended settings of
elastix: a multi-resolution approach with four resolutions, the Advanced Mattes Mutual Information metric, and the Adaptive Stochastic Gradient Descent
optimizer. [13–15]
2.3

Deformable registration

Following the affine registration to align the bone-extracted CT and MNI152
images, a deformable registration was used to align the soft tissue of the brain
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Fig. 1. Left: (a) the MNI152 template image and (d) the bone-extracted image. Middle:
(b) an example CT image and (e) the bone-extracted image. The image in (e) was
transformed to (d) with an affine registration. Right: transformed CT image after
registration.

with the template. A B-spline with its control points placed in a regular 3D grid,
spaced 10 mm apart, was used to deform the CT image. [16, 17] The Advanced
Mattes Mutual Information metric was optimized with a standard gradient descent optimizer. [18] The previously computed affine transform and the B-spline
transform were composed together, to avoid repeated interpolations. A lesionmasking approach was used to prevent a bias in the transformation caused by
the presence of the lesion, by ignoring the manually delineated lesion area in the
computation of the metric. [19]
However, the lack of sufficient contrast in soft tissue of the brain on CT
images makes it challenging to directly transform such images to the MNI152
template. The features that need to be aligned with the MNI152 template—
the gray matter, white matter, and cerebrospinal fluid—all have intensity values
between 0 HU and 50 HU. The used Advanced Mattes Mutual Information metric
computes a joint histogram of the intensity values of the CT image and MNI152
template. The number of bins of this joint histogram is set to 32 bins (elastix
default value). This results in a bin size of approximately 90 HU, rendering it
impossible to make a meaningful deformation of the CT image: the little contrast
that was present in the soft tissue vanished into a single bin. This is illustrated
in the top row of Figure 2. The effect of this can be seen in Figure 3(c), where
the soft tissue after deformable registration is identical to the soft tissue after
affine registration in Figure 3(b).
To overcome this, contrast stretching by means of histogram equalization
and the removal of (outlier) intensities below the 5th and above the 95th percentile was applied. Furthermore, the number of bins of the joint histogram was
increased to 64 bins. By doing this, the intensities of the gray matter, white
matter, and cerebrospinal fluid were distributed over approximately 15 bins in
the joint histogram, as can be seen in Figure 2. This enabled the registration
procedure to compute a meaningful deformation of the CT image to the MNI152
template, as can be seen in Figure 3.
2.4

Experiments

The described procedure was used to transform the CT images and the lesion
delineations of the 86 participants to the MNI152 template. Since the proposed
method was developed for the purpose of lesion-symptom mapping, a correct
positioning of the lesions was the main goal. An experienced human observer
visually assessed the quality of the transformation of the lesion delineations and
determined if the quality was sufficient for VLSM.

3

Results

Of the 86 CT images, the registration was successful in 71 cases (83%). Some
example results are shown in Figure 4.
In eight of the unsuccessful cases there was a misalignment of the tentorium
cerebelli (separates cerebellum from cerebral hemispheres). An example is shown
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Fig. 2. Top row: original CT image with its histogram of intensities. The peak around
25 HU represents the soft tissue; the dotted vertical lines are the histogram bins used
by the metric. Bottom row: contrast enhanced CT image with its histogram. The soft
tissue now has intensity values between 2000 and 2500, which are spread over more
bins in the histogram. The number of histogram bins has been increased as well (dotted
lines).
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Fig. 3. The effect of contrast stretching on the deformable registration. Note that
for viewing purposes only, the contrast settings have been altered to highlight the soft
tissue and a reference grid is included. (a) The MNI152 template. (b) The CT image after affine registration. (c) The CT image after deformable registration without contrast
stretching. (d) The CT image after deformable registration with contrast stretching.
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Fig. 4. Top row: original CT images with the lesion delineation overlaid in red. Note
that the viewing settings have been altered to highlight the soft tissue. Bottom row:
lesion delineations transformed to the MNI152 template image.

in the top row of Figure 5. In six unsuccessful cases there was a misalignment of
the ventricles, caused by either edema with midline shift (four cases, example in
bottom row of Figure 5) or atrophy with enlargement of the ventricular system
(two cases). In one unsuccessful case there was no evident cause. All misalignments were resolved by slight manual adjustments of the lesion delineations in
the standard space, as can be seen in Figures 5(c) and (f).
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Fig. 5. Top row: (a) original CT with lesion delineation in red, (b) transformed lesion
delineation on MNI152 template image is incorrect around the tentorium cerebelli,
(c) manually adjusted lesion delineation. Bottom row: (d) original CT with lesion
delineation in red, (e) transformed lesion delineation on MNI152 template image is
incorrect because of edema with midline shift, (f) manually adjusted lesion delineation.
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Discussion

The proposed registration procedure to transform lesion delineations from CT
images to the MNI152 template image proved to be highly successful. In 83%
of the cases, the lesion delineations were correctly transformed and suitable for
usage in a lesion-symptom mapping study. Slight manual adjustments of the
transformed lesion delineations were needed in the remaining cases.
Performing an initial affine registration with bone-extracted images was required in order to correctly align the CT image with the MNI152 template.

Otherwise, there is a risk that the optimization procedure will converge into a
local optimum when only using a deformable registration. The bone of the CT
image might then be aligned with the gray matter on the MNI152 template, as
there are strong edges at those locations. The presence of the ventricles in the
bone-extracted MNI152 template (see Figure 1(d)) did not influence the affine
registration, since there are no corresponding intensities at that location in the
bone-extracted CT image.
The deformable registration used a contrast stretched CT image to perform the registration with the MNI152 template. By applying a simple contrast
stretching, the CT image intensities were spread over multiple bins in the joint
histogram of the used metric. This allowed the registration procedure to correctly
align the gray matter, white matter, and cerebrospinal fluid.
Unfortunately, this issue is not addressed by the publication of Gao et al. [10]
In this publication, Dice’s coefficient and the Hausdorff distance are reported in
the results, but only for the total brain volume. The accuracy of the alignment
of structures within the brain tissue (for example cortical gray matter, white
matter, basal ganglia, and thalamus) are not evaluated. When performing lesionsymptom mapping, accurate alignment of these structures is essential.
The final goal of the proposed registration procedure was to transform lesion
delineations, in order to perform VLSM. Therefore, the quality of the resulting
transformations was assessed by an experienced observer with this goal in mind.
Lesion delineations on the original CT images were visually compared to the
transformed lesion delineations on the MNI152 template image. In the case that
slight manual adjustments were needed to correct misalignments, the registration
was deemed unsuccessful. However, as can be seen in Figure 5, large portions of
the lesion delineations were correctly transformed in all the unsuccessful cases.
In eight unsuccessful cases there was a misalignment of the tentorium cerebelli,
a structure that is hardly visible on the CT images and therefore difficult to
transform correctly. However, lesions generally do not cross the tentorium cerebelli. Manual adjustments in the standard coordinate space are thus easily made
by erasing the inaccurate parts. In the unsuccessful cases caused by edema with
midline shift, one of the lateral ventricles is suppressed by the lesion. Because of
the lesion masking approach and the absence of a lateral ventricle, the deformation field is interpolated at these areas, since there are no features to compute
the metric. This results in an enlarged lesion in the standard coordinate space,
which is easily corrected by erasing the parts that overlap the lateral ventricles. Inclusion of the mid-sagittal plane, as proposed by Gao et al., is unlikely
to solve this problem, because computation of the mid-sagittal plane is inaccurate in the case of midline shift. The inclusion of a (curved) mid-sagittal surface
[20] constraint might prevent the lesion from being transformed into the wrong
hemisphere, but the absence of a lateral ventricle is the largest problem in these
cases.
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Conclusion

In this work, we proposed a procedure for the registration of CT images to
the MNI152 template image for the purpose of lesion-symptom mapping. Lesion
delineations on the CT images were successfully transformed to the MNI152 template image. Slight manual adjustments of the transformed lesion delineations
were needed in a limited number of cases.
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