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Automatic extraction of the midsagittal surface from
brain MR images using the Kullback–Leibler measure

Abstract
The midsagittal surface separates the two hemispheres of the cerebrum. This surface is often typified as a geometrical plane: the midsagittal plane. However, in subjects with a considerable amount of naturally
occurring brain torque, the midsagittal surface deviates to a large extent
from a plane. In the present study, an automated method to extract
the midsagittal surface is proposed, evaluated on a large dataset, and
compared to a conventional midsagittal plane representation.
The midsagittal plane was extracted from MR images with a technique based on the Kullback–Leibler measure. This plane was used to
initialize a surface, that was deformed to represent the midsagittal surface. One hundred subjects were selected from the SMART-MR study:
fifty subjects with brain torque and fifty random subjects. Manual delineations of the midsagittal surface were used for evaluation.
The extracted midsagittal planes and surfaces were compared to the
manual delineations by assessing the absolute volume of misclassified
cerebrum tissue. The midsagittal surface resulted in significantly better
separations of the hemispheres. In the randomly selected subjects, the
error reduced from 2.71 ± 1.05 ml to 2.20 ± 0.66 ml and in subjects with
brain torque from 4.85 ± 2.79 ml to 2.23 ± 0.77 ml, with improvements
up to 16.6 ml in individual subjects with marked brain torque.
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Introduction

Bilateral symmetry is an essential concept in biology and many animal species,
including humans. Our appearance exhibits bilateral symmetry and some organs in our body come in symmetrical pairs. The cerebrum of the human
brain is divided into two hemispheres, separated by the interhemispheric fissure (IF). Both hemispheres are connected by the corpus callosum and smaller
commissures, including the anterior, posterior, and hippocampal commissure.
Comparison of the two hemispheres and detection of differences has been a
topic of interest for many years (Renterı́a 2012). Besides lateralization of function (e.g. Nagel et al. (2013) and Sommer et al. (2001)), anatomical differences
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Figure 1: Example MRI FLAIR images showing the natural variation in brain
torque. (a) No visible brain torque. (b) Slightly visible brain torque, showing
an enlarged left occipital lobe. (c) Extreme brain torque, showing an enlarged
right occipital lobe whereas usually the left occipital lobe is larger.

can suggest the presence of pathology (e.g. mass-effect brain tumours, (Joshi
et al. 2003)).
The midsagittal plane (also called median plane) is a geometric plane that
separates the two hemispheres of the cerebrum and thus represents the IF.
Identifying this plane is a prerequisite for many (automated) analyses that
compare the hemispheres with one another. Therefore, the extraction of the
midsagittal plane from brain images is a topic that has been studied for decades
(Brummer 1991; Junck et al. 1990; Phillips 1964) and is still highly relevant,
since new methods are still actively developed (Jayasuriya et al. 2013; Puspitasari et al. 2009). Most methods assume bilateral symmetry of the brain
and extract the midsagittal plane by optimizing a symmetry measure between
the original brain scan and a reflected version of itself (e.g. Hu et al. (2003),
Liu et al. (2001), Prima et al. (2002) and Tuzikov et al. (2003)). Other methods use features—such as the intensity of the CSF in the IF (Nowinski et al.
2006; Puspitasari et al. 2009; Volkau et al. 2006) or the linear shape of the IF
(Brummer 1991; Zhang et al. 2008)—to extract the midsagittal plane.
However, the human brain has no perfect bilateral symmetry. The left occipital lobe and right frontal lobe are often larger than their counterparts in the
other hemisphere. This effect is known as brain torque (also known as petalia
and Yakovlevian torque, (Toga et al. 2003)). Natural variation causes this effect to be larger in some humans than in others, as can be seen in Figure 1.
Next to this, the presence of mass-effect tumours or other pathology could induce asymmetries in the cerebrum. Because of this, extracting the midsagittal
plane might not be the optimal solution to separate the two hemispheres.
The midsagittal surface is a (curved) surface that corresponds with the
IF and separates the two hemispheres. Contrary to the midsagittal plane,
the midsagittal surface follows the natural shape of the IF. In the presence
of asymmetries, either caused by natural variation or pathology, a midsagittal
surface is able to correctly separate the two hemispheres, whereas a midsagittal
plane would intersect or misclassify some brain tissue. This is demonstrated in
Figure 2.
In the present study, an automated method for the extraction of the mid-
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Figure 2: Example scan (also shown in Figure 1(b)) showing the difference
between the midsagittal plane (dotted line) and the manually delineated midsagittal surface (solid line). It is clear that the midsagittal plane makes a
segmentation error where it intersects the tissue of the left occipital lobe.

sagittal surface will be presented. An existing technique by Volkau et al. (2006)
and Nowinski et al. (2006) will be used to extract the midsagittal plane, which
then is used as an initialization of the midsagittal surface. Optimizing the
configuration of the midsagittal surface is based on the same principle as that
for computation of the midsagittal plane.
We hypothesize that the midsagittal surface will give a better separation
of the left and right hemispheres. In a random selection of subjects, manual
left-right delineations of the cerebrum will be compared to the automatically
extracted midsagittal plane or surface. Since considerable brain torque is not
commonly found in the average (randomly selected) subject, no significant improvement of the midsagittal surface over the midsagittal plane is expected.
Therefore, another set of subjects with considerable brain torque will be selected, to demonstrate the added value of the midsagittal surface in these subjects. In these subjects, the error made by the midsagittal plane, as compared
to manual delineations, should be significantly reduced when the midsagittal
surface is used.
The midsagittal surface can be used for more purposes than for a better
segmentation of the two hemispheres. The amount of brain torque can be determined by quantifying the deviation of the midsagittal surface from a plane,
i.e. the surface tortuosity (Zhang et al. 2004). In subjects with considerable
brain torque or midsagittal surface tortuosity, automated analyses that rely
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on brain symmetry should not be performed. An example is brain perfusion
analysis, where the perfusion in one hemisphere is compared to the contralateral hemisphere by using the midsagittal plane as a “mirror”. Furthermore,
brain asymmetry is speculated to be linked to handedness and other cognitive
functions (Balzeau et al. 2012; Galaburda et al. 1978). Determining the shape
of the midsagittal surface or its tortuosity can aid in analysis of this topic. In
addition, the shape of the midsagittal surface is a parameter that is ignored
in large voxel-based morphometry studies (Ashburner et al. 2000), since this
parameter is lost in the spatial normalization step. Brain torque or midsagittal
surface tortuosity is therefore a parameter that is still relatively unexplored in
large studies.
The aims of this study are to present a method that can extract the midsagittal surface and to show that this is an improvement over the midsagittal
plane, by reducing the error that is made in left-right segmentation. It is
hypothesized that in the average subject the midsagittal surface will not improve (nor degrade) the quality of the left-right segmentation as compared to
the midsagittal plane, but that in subjects with considerable brain torque the
accuracy will improve significantly.
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Methods and Materials

Midsagittal plane
A variety of methods exist to extract the midsagittal plane from neuroimages
(Kuijf et al. 2013b). These methods use different approaches and can be classified into symmetry-based methods and feature-based methods. In the present
study, a method developed by Volkau et al. (2006) and Nowinski et al. (2006)
was used. This method employs the difference in image intensity between the
CSF in the IF and the neighbouring tissue (grey and white matter) that is visible with most imaging modalities. This approach can be extended to extract
the midsagittal surface and thus forms an ideal starting point for the present
study.
The method assumes that the brain is approximately located in the centre
of the image and initializes two reference planes 2 cm apart from the central
sagittal slice of the image (see Figure 3(a)). These reference planes will generally contain mostly grey and white matter. A single probability distribution p
of the intensity values in the two reference planes was created.
Next, all sagittal slices in between the two reference planes were inspected.
For each slice, a probability distribution q of the intensity values was created.
The Kullback–Leibler (KL) divergence was used to compute the difference d
between p and q:
X
d(p/q) =
pi log(pi /qi ),
i

where pi and qi are the probabilities of the intensity having the value i. Since
the midsagittal plane generally will contain mostly CSF, whose intensity is very
different from that of grey and white matter, it is expected that the difference
d of the midsagittal plane with the reference slices will be large. Accordingly,
the sagittal slice in between the two reference slices with the largest difference
d was chosen as the central midsagittal plane (see Figure 3(b)).
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Figure 3: Extraction of the midsagittal plane as described by Volkau et al.
(2006) (a) The lines indicating the two reference planes. (b) The sagittal slice
with the largest difference as compared with the reference slices. (c) The final
midsagittal plane.

The midsagittal plane of the brain does not necessarily coincide exactly with
a sagittal slice of the image, but may have been rotated owing to an angulated
position in the scanner. Therefore several small translations and rotations
were applied to the central midsagittal plane, using an iterative optimization
strategy described by Volkau et al. (2006) to maximize d. The plane with the
largest difference d was taken as the final midsagittal plane (see Figure 3(c)).

Midsagittal surface
The midsagittal plane computed in the previous section was used to initialize the computation of the midsagittal surface. The midsagittal surface was
represented as a bicubic spline, as implemented in ALGLIB (Bochkanov et
al. 2012). Control points for the spline were placed in a regular grid on the
computed midsagittal plane, with distance m between the control points. An
example is shown in Figure 4(a).
The control points could be moved in the left-right direction in order to
optimize the configuration. The KL divergence was used as the cost function
for optimization, by maximizing d. For each configuration of control points,
the intensity probability distribution qi was computed for the spline.
A limited-memory Broyden-Fletcher-Goldfarb-Shanno quasi-newton method
(L-BFGS, (Liu et al. 1989)), as implemented in the dlib C++ library (King
2012), was used to determine the direction of the search. The gradient information of the cost function was numerically approximated. The step size of
each control point was scaled with the gradient, allowing sub-voxel positioning
of the control points. The optimization method was terminated when two consecutive optimization steps had a difference δd < 1 × 10−5 . An example result
can be seen in Figure 4(b).
Visual inspection showed that in some extreme cases, the optimizer converged to a local maximum and did not reach the optimal position of the
midsagittal surface. Such an example is given in Figure 5(a). This was solved
by computing the midsagittal plane twice: once on the anterior half of the
image and once on the posterior half of the image. Both planes were used to
initialize the midsagittal surface: the intersection-line of the two planes was de5

(a)
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Figure 4: Computation of the midsagittal surface. (a) Initialization of the
control points in a regular grid along the computed midsagittal plane shown in
Figure 3(c). Control points can move in the left-right direction only. (b) Final
midsagittal surface.

(a)

(b)

Figure 5: (a) Unsuccessful computation of the midsagittal surface, because the
optimization procedure halted in a local optimum. (b) With the dual-plane
approach, the optimizer reached the optimal position.

termined and the control points of the surface anterior to this line were place on
the anterior midsagittal plane and vice versa for the posterior part. By doing
this, the procedure reached the optimal position as shown in Figure 5(b). This
dual-plane approach was used if the in-slice angle of the two planes was larger
than 3.5◦ and the computation of both planes succeeded (see the parameter
justification in the Results and Discussion sections for more details). Otherwise, the single midsagittal plane computed on the entire image was used, as
described above.
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Figure 6: The error made by the midsagittal plane (dotted line) as compared
with the manual delineation of the midsagittal surface (solid line) is annotated
in red.

Experiments and Validation
To assess the quality of the automated midsagittal plane/surface extraction, the
results were compared to manual delineations of the midsagittal surface. The
absolute amount of cerebrum tissue volume V between two delineations/methods
(either manual, plane or surface) was used as the evaluation metric. An example of this is given in Figure 6, where V is determined for a manual delineation
and the computed midsagittal surface. The value of V was also used to evaluate the intra- and inter-observer agreement. The cerebellum was ignored, as
is commonly done in segmentation algorithms (Liang et al. 2007), because a
left-right segmentation of the cerebellum is ambiguous and ill-defined.
Subjects
Subjects used for evaluation were included from the Second Manifestations of
ARTerial disease - Magnetic Resonance (SMART-MR) study, a cohort study
of brain ageing in 1309 patients with manifest arterial disease (Geerlings et al.
2010). The SMART-MR study was approved by the Medical Ethics Committee
of the University Medical Center Utrecht. Written informed consent was given
by all subjects.
From the SMART-MR study, fifty consecutive subjects (set A, mean age:
59 years, sd: 11 years) were included. Because the average subject does not
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have a considerable brain torque, the improvement in these fifty subjects was
neither expected to be large nor significant. Therefore another fifty subjects
(selected from the remaining subjects not included in A) having considerable
brain torque were automatically selected (set B). This was achieved through
an automatic left-right segmentation, performed by deformable registration of
the MNI152 atlas to each subject in the SMART-MR study with the elastix
toolbox (Fonov et al. 2009; Fonov et al. 2011; Klein et al. 2010; Kuijf et al.
2013a). The fifty subjects whose midsagittal plane had the largest error V with
the generated left-right segmentation were selected (set B, mean age: 60 years,
sd: 12 years).
MRI
MR imaging was performed on a 1.5 T whole-body system (Gyroscan ACSNT, Philips Medical Systems, Best, the Netherlands). The protocol included,
among other sequences, a transversal T1-weighted gradient-echo sequence (repetition time (TR)/echo time (TE): 235/2 ms); a transversal T2-weighted fluidattenuated inversion recovery (FLAIR) sequence (TR/TE/inversion time (TI):
6000/100/2000 ms), and a transversal inversion recovery (IR) sequence (TR/TE/TI:
2900/22/410 ms), all with a reconstructed voxel size of 0.9 × 0.9 × 4.0 mm. For
extraction of the midsagittal plane and surface, the FLAIR sequence was used.
Segmentation of brain tissue into grey and white matter was performed
with a probabilistic k-Nearest Neighbour classification segmentation method.
This method used the T1-weighted, IR, and FLAIR sequences, as described
by Anbeek et al. (2005). The registration with the MNI152 atlas was used to
exclude the cerebellum from the evaluation.
Manual delineation
The midsagittal surface was manually delineated on the FLAIR scan of the
selected subjects by two experienced human observers. The first observer delineated set A twice and set B once. The second observer delineated set A
once. Delineations were made with a dedicated tool developed in MeVisLab
(MeVis Medical Solutions AG, Bremen, Germany, (Ritter et al. 2011)) using
a freehand spline drawing technique. The instructions were to separate both
hemispheres of the cerebrum, when visible, on each slice of the scan. The first
delineation of observer 1 was used in all evaluations.
Experiments
The most important parameter for the midsagittal surface is the grid size m.
To investigate the effect of m, the results were computed for multiple values of
m ranging from 10 to 60 mm with a step size of 1 mm.
An in-slice angle of 3.5◦ was empirically chosen at the cutoff value for using
the dual-plane approach. To test the robustness of this choice, the results were
computed for 3.0◦ and 4.0◦ as well.
The quality of the automatic left-right segmentation by registration of the
MNI152 atlas was evaluated by comparison to the manual delineations.
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Figure 7: The error VS on all subjects from sets A and B is shown for different
values of m. For all reported results, m = 30 mm will be used.

3

Results

The intra-observer error Vintra on set A was (mean ± sd) 1.24 ± 0.36 ml and
the inter-observer error Vinter on set A was 1.40 ± 0.40 ml. Using a paired
samples Student’s t-test, the difference between the intra- and inter-observer
errors proved to be significant (p < 0.001).
The error VP of the midsagittal plane with the first delineation of observer
1 was; A: 2.71 ± 1.05 ml, B: 4.85 ± 2.79 ml, A ∪ B: 3.78 ± 2.36 ml. All errors
were significantly larger than the intra- and inter-observer errors for manual
delineation (p < 0.001). Moreover, the error VP on B was significantly larger
than the error on A (p < 0.001).
The error VS of the resulting midsagittal surface with the first delineation
of observer 1 is dependent on parameter m, as shown in Figure 7. All results
reported in this section are for m = 30 mm.
The error VS of the midsagittal surface with the first delineation of observer
1 was; A: 2.02 ± 0.66 ml, B: 2.23 ± 0.77 ml, A ∪ B: 2.12 ± 0.72 ml. All errors
were significantly larger than the intra- and inter-observer errors for manual
delineation (p < 0.001). The error VS on B is not significantly larger than the
error on A (p = 0.14).
All errors VS (for A, B, and A∪B) of the midsagittal surface are significantly
smaller (p < 0.001) than the errors VP of the midsagittal plane. The average
improvement of the midsagittal surface over the midsagittal plane is; A: 0.69 ±
0.84 ml, B: 2.63 ± 2.45 ml, A ∪ B: 1.66 ± 2.07 ml. In addition, the standard
deviations of the results of the midsagittal surface are smaller, which signifies
that the surface-based results are more consistent.
Some example results of the computation of the midsagittal surface are
shown in Figure 8.
The computation time of the midsagittal plane was approximately 2 s. Depending on the required number of iterations of the optimizer, the computation
of the midsagittal surface required an additional 2 to 10 s.
The value of 3.5◦ as a cutoff for the use of the dual-plane approach is
fairly robust; setting the angle at 3.0◦ or 4.0◦ did not result in any significant
differences in the results (p > 0.35).
9

(a)

(b)

(c)

(d)

Figure 8: Example results of the computed midsagittal surface; error VS is
shown in red. (a) Result with a small error VS . The midsagittal surface is
comparable to the midsagittal plane, since this subject has no brain torque.
The midsagittal surface is incorrect around the lateral ventricles, where the
surface intersects with the left ventricle. (b) Subject where the midsagittal
surface showed a large improvement over the midsagittal plane, because of the
present brain torque. Some errors still occurred around the lateral ventricles.
(c) Another subject were the midsagittal surface improved over the midsagittal
plane (dotted line). (d) The midsagittal surface computed in this subject was
unable to account for the present brain torque.

A registration with the MNI152 atlas was used to select subjects with brain
torque. The left-right segmentation of this atlas was compared to the manual
delineations. Because the MNI152 atlas contains a gap between the left and
right hemispheres, different errors are reported for both hemispheres. The
error VMNI of the left-right segmentation by atlas registration with the first
delineation was; A ∪ B for the left hemisphere: 7.46 ± 4.56 ml and A ∪ B for
the right hemisphere: 10.01 ± 5.70 ml.
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4

Discussion

The results of the midsagittal surface showed a significant improvement over
those of the midsagittal plane, not only for subjects with considerable brain
torque, but also for subjects without brain torque. Overall, the error V was
reduced by 1.66 ml. This is relatively small compared to the whole brain volume, but is still a considerable amount of brain tissue in the vicinity of the
IF. Improvements in subjects with considerable brain torque were larger, with
reductions in V up to 16.6 ml for the subject shown in Figures 5 and 6.
The midsagittal surface as computed by the presented method is sometimes incorrectly positioned at the lateral ventricles. During optimization, the
cost function will avoid the septum pellucidum, the membrane separating the
lateral ventricles, and fit the spline through one of the CSF-filled ventricles.
However, this had no influence on the left-right segmentation of the tissue in
the cerebrum. An example is shown in Figures 8(a) and (b). If a correct leftright segmentation of the ventricles is needed, an (approximate) segmentation
of the ventricles would be required. Using this segmentation, the cost function
can then ignore this region in the optimization. Another solution would be to
invert the contrast within the segmented ventricles (causing the CSF to have
tissue-like intensities and the septum pellucidum to have CSF-like intensities),
because then the spline-fitting will be correct. This was not done in the present
study to keep the proposed method as efficient as possible, while the results
still show useful improvements.
Many methods are available for the extraction of the midsagittal plane
(Kuijf et al. 2013b). Although all methods have comparable results, it would
be unintuitive to choose a symmetry-based method in the case of (asymmetric)
brain torque. The method published by Volkau et al. (2006) and later improved
by Nowinski et al. (2006) was considered most suitable. Furthermore, the used
KL measure could be easily transformed into a cost function that could be
optimized during the computation of the midsagittal surface.
Subjects with considerable brain torque were automatically selected. Obtaining manual delineations of all MRI scans in the SMART-MR study was
not achievable and therefore an automatic left-right segmentation of all scans
was achieved by atlas registration with the MNI152 template. The midsagittal
plane was computed for all subjects. Subjects where the error V between the
midsagittal plane and the left-right segmentation was largest were selected as
subjects with considerable brain torque. Following this, manual delineations
were made for the fifty subjects with the highest error V . Because the left-right
segmentation by registration of the MNI152 template itself had a large error
V with the manual delineations, owing to misregistration, it is likely that not
all subjects with considerable brain torque were selected. The results reported
are thus an underestimation of the true improvement of the presented method.
Next to this, the number of 50 subjects included in B was an arbitrary choice
and does not reflect the (unknown) prevalence of considerable brain torque in
the study subjects. The probable inclusion of subjects without considerable
brain torque in set B leads to a reduction of the reported results. It can therefore be assumed that the true improvement of the midsagittal surface over the
midsagittal plane is higher than reported.
The errors made by the computed midsagittal surface are larger than the
intra- and inter-observer errors. This is mainly because of small protrusions
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that cannot be captured by a smooth surface. This is shown in Figure 6, where
small protrusions of the right hemisphere at the anterior part are delineated
by the observers but not captured by the smooth surface, and in Figure 8(d).
The proposed method computed the midsagittal plane twice for subjects
with extreme brain torque, such as in Figure 5. Both planes, computed separately on the anterior and posterior halves of the image, were used to initialize
the midsagittal surface if the in-slice angle between the two planes was larger
than 3.5◦ . This value was chosen empirically after inspecting a few subjects
with no and extreme brain torque. In case the dual-plane approach was used,
the line resulting from the intersection of both planes was determined. Control
points for the spline anterior to the line were placed on the midsagittal plane
computed on the anterior half of the scan and vice versa for the posterior part
of the scan. If the in-slice angle between both planes is set too small, the intersection line can appear at unwanted locations or even outside the scan. If the
in-slice angle is too large, cases in which the dual-plane approach is superior
are missed. The results showed that the selected value of 3.5◦ is fairly robust.
Alternative methods to compute the midsagittal surface have been proposed by Stegmann et al. (2005). The first method of Stegmann et al. (2005)
is symmetry-based: on each left-right line in the image, the point with the
highest bilateral symmetry is found. A thin-plate spline is fitted through all
detected points. This method assumed that the image is aligned to achieve
optimal symmetry along the left-right lines, something that can be done if the
midsagittal plane is known. The computation of symmetry points is performed
in the cerebrum only, so a full brain segmentation is required. The second
suggestion of Stegmann et al. (2005) is similar to the method presented here.
Assuming that the CSF-filled IF is hypointense on MRI scans, Stegmann et al.
(2005) try to minimize the sum of intensities along the midsagittal surface in
the cerebrum. Both methods have been evaluated qualitatively and the first
method was considered more robust, consistent, and conservative (Stegmann
et al. 2005). No quantitative validation with an established ground truth is
given. The subjects used by Stegmann et al. (2005) were randomly selected
elderly, similar to set A presented here. It is therefore unknown how the proposed method performs in the presence of considerable brain torque, especially
because the method is symmetry-based whereas brain torque is an asymmetric
phenomenon.
The use of the KL-measure as a cost function to optimize the midsagittal surface has the main advantage that it is not directly dependent on the
(absolute) image intensities. The only prerequisite is that the CSF in the IF
has a distinct contrast with its surroundings, not necessarily hypointense as
required by Stegmann et al. (2005). This makes the method applicable to
other MRI contrasts, such as T2-weighted scans where the CSF is hyperintense. Furthermore, Puspitasari et al. (2009) and Vos et al. (2013) showed
that the KL-measure can be used for CT images as well. This makes the proposed method widely usable, e.g. for the computation of midline shift on brain
CT images (Liao et al. 2010).
Extracting the midsagittal plane is commonly done to perform symmetry
analyses of the cerebrum. Given a midsagittal plane, this is a simple and
straightforward procedure. Having a midsagittal surface rather than a plane
makes it more complicated (or even impossible) to perform symmetry analyses,
since the midsagittal surface can be (highly) curved as shown in Figure 5(b).
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On the other hand, performing symmetry analyses on brains with considerable
brain torque is questionable and possibly even incorrect. It is advisable to
compute the midsagittal surface and evaluate the deviation from a plane before
performing symmetry analyses.

5

Conclusion

Computation of the midsagittal surface results in a significant better left-right
segmentation of the cerebrum than the midsagittal plane, especially for subjects
with considerable brain torque.
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