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Abstract

With the increasing resolution and contrast of brain
imaging devices automatic segmentation and quantifica-
tion of the human cerebral cortex have grown popular for
morphological analyses. The tightly folded cortex is often
modeled with surfaces in 3D, and morphological features,
such as the cortical thickness, can be calculated. In or-
der to average and compare such morphological features
within groups of subjects, mappings between the highly di-
verse cortical surfaces are needed. In this paper we eval-
uate five algorithms for mapping between discrete polygo-
nal surfaces of cortices. Among the evaluated algorithms
we include a new algorithm based on a functional express-
ing similarity between geometrical features. Four numeri-
cal mapping criteria, a landmark test, and statistical maps
are used to evaluate the mapping algorithms. We show that
the accuracy of manually placed landmarks are difficult to
reproduce automatically, and the choice of mapping algo-
rithm impacts the conclusions drawn from statistical maps
generated by use of the algorithm. In terms of landmark ac-
curacy, a spherical mapping approach with non-linear op-
timization is shown to be the best of the tested algorithms.

1 Introduction

Morphological analysis of the human cerebral cortex
from in-vivo medical images plays an important role in
the investigation of various neurological disorders, such as
schizophrenia and dementia [18, 6]. Increasing effort is be-
ing put into measuring cortical morphological changes over
time and differences between populations. Magnetic res-
onance imaging (MRI) provides excellent structural infor-
mation of the cerebral tissues, and surface reconstructions
of the cortex from MRI have grown popular for studying
morphological features, such as cortical thickness, area, and

patterns of the cortical folds. During the last decade sev-
eral surface reconstruction algorithms have been proposed
[7, 14, 17, 21, 9, 34], and several ways to obtain corti-
cal thickness measurements and other features from cortical
surfaces have been developed [24, 28]. Usually the cortical
surfaces are approximated by discrete polygonal meshes,
and cortical features are calculated at each vertex provided
a reasonably uniform distribution of vertices across the sur-
face. To measure morphological differences between sub-
jects one can average the measurements over the entire cor-
tex or within specified regions, but to exploit the detailed
map of measurements provided by high resolution surfaces
and be able to detect focal differences a point correspon-
dence between cortical surfaces is required. Such a map-
ping must preserve anatomical landmarks across subjects in
order to reliably compare measurements, i.e. it does not
make sense to compare the top of a fold (gyrus) on one sur-
face with the bottom of a fold (sulcus) on another surface.
Because of the high diversity of folding patterns across in-
dividual cortices, such a mapping is far from trivial.

2 Background

Several methods to solve the cortical mapping problem
have been proposed. A popular approach is to parameterize
the cortical surface by mapping the surface into a canonical
space and solve the correspondence problem in this space.
Often the unit sphere is used, as it is topologically equiva-
lent to the cortical surface and provides an attractive coor-
dinate system for easy parameterization [13]. Utilizing the
Riemann mapping theorem on manifold surfaces [1] several
approaches have been proposed to conformally map the cor-
tical surface to a sphere [31, 16, 19, 26, 25, 23]. Also other
canonical spaces have been used for parameterization, such
as an ellipsoid and the 2D plane [33]. The latter, so-called
flat maps, require cuts in the closed surface to be able to
map the surface to the plane. Consistent cuts are hard to
automate, thus requiring manual intervention.



After parameterization of cortical surfaces the corre-
spondence between vertices can be obtained by registration
of the surfaces in the canonical space using the preserved
geometrical features as similarity measure. This registration
is usually a non-linear warp because of the highly irregular
folding patterns [12, 35].

The mapping onto a canonical space introduces geo-
metrical distortion in the surface, and even though work
has been focused on minimizing the distortion in the con-
formal mapping [23] it remains a problem for the subse-
quent parameterization and registration. Creating flat maps
introduces more geometrical distortion than the spherical
approach and alters the topology thus partly destroying
geodesic relations between vertices [12]. Several meth-
ods constrain the mapping using landmark curves [33, 16,
25, 29]. These are often manually defined, but methods
have been proposed to automate identification of landmark
curves [15, 28, 22], though it is hard to do consistently [4].

Another group of methods try to solve the correspon-
dence problem without the intermediate step of mapping to
a canonical space. One family of such methods is derived
from the iterative closest point method (ICP) [5, 2]. Apart
from variations over the simple closest point method, sev-
eral methods combine ICP with point feature registration
[10, 27]. Others approach the problem by finding a direct
mapping using partial differential equations (PDE) [29] or
diffeomorphisms [32].

Common for the mapping approaches described above
is the preservation of intrinsic vertex configuration, except
from the cuts introduced when creating flat maps. This
may seem important, as these geometric properties reflect
the underlying cytoarchitecture of the cortex. However,
when mapping between cortices with very different corti-
cal folding patterns, this constraint can be relaxed to better
match morphological features. A feature based method dis-
regarding the intrinsic vertex configurations was proposed
by Spjuth et al. [30]. They used a similarity functional
based on mean curvature, surface normals, and Euclidean
distance to find corresponding vertices between surfaces af-
ter an initial, global, affine registration. The method allows
several vertices to map to the same target vertex while other
vertices are left without mapping. Thereby information is
lost. To retain information, the optimal solution is a bi-
jection between the surfaces only mapping between similar
anatomical points. When a vertex to vertex correspondence
is needed the mapping cannot be a bijection if the two cortex
surfaces have different number of vertices. However, one
can try to approximate a bijection by having unique projec-
tions for as many vertices as possible.

As described above a variety of algorithms for solving
the cortical mapping problem have been proposed. How-
ever, to the best of our knowledge, comparisons of the dif-
ferent approaches have not been carried out. In this paper

we propose a new algorithm for the problem of finding ver-
tex correspondence between surfaces with different vertex
counts and evaluate the performance of the proposed algo-
rithm along with a selection of other mapping algorithms.

3 Proposed Mapping Algorithm

The proposed algorithm for mapping a source surface
to a target surface is inspired by Spjuth et al. [30], and it
uses the same similarity features, but seeks to optimize the
number of unique mappings, thereby approximating a bijec-
tion as close as possible. The algorithm initially aligns the
two surfaces with a rigid transformation found by center of
mass normalization followed by ICP optimization [5]. The
method for finding a vertex to vertex correspondence from
source to target surface uses a cost functional J. The cost
of mapping between source vertex ¢ and target vertex j is
given by

J(i,j) = aec®d) 4 6en(i’j) + pyed(i,j) (1)

where c is the absolute difference in normalized mean cur-
vature at the vertices, n is the normalized angle between the
vertex normals, d is the normalized Euclidean distance be-
tween the vertices, and «, 0 and -y are weights. This cost
functional is sought minimized per source vertex by the fol-
lowing algorithm:

Definitions:
V5 is the set of source vertices.
V4 is the set of target vertices.
t. is the cost threshold any mapping must be below.
tm, is the maximum number of mappings allowed to the
same target vertex.
Ny is the set of source vertices without a mapping.
Ny is the set of target vertices with number of mappings
< tm-
Initial conditions: Ny = Vi, Ny = V;, and t,,, = 1.

1. For each vertex in N, find the vertex in IV; with the
lowest mapping cost defined by J.

2. For each vertex in V; where number of mappings > ¢,
remove highest cost mappings until number of map-
pings = t,,,. Update N, and N,.

3. Repeat 1 until no mappings are found with a cost < ¢,
or either N, or N; is empty.

4. If Ny is non-empty, set Ny = Vi, t,,, = t,,, + 1 and
repeat from 1.

We designate the algorithm iterative closest feature
(ICF), because of its use of point features and iterative be-
havior. The weights in the cost functional were found by
repeated trials of mapping between two simple phantom
surfaces where the true mapping was known. The found
weights were « = 3.7, 6 = 1.1, and v = 2.7.



4 Algorithms Selected for Comparison

Apart from the proposed mapping algorithm we wanted
to evaluate a handful of typical algorithms to find their
strengths and weaknesses. The following algorithms were
included in the evaluation:

e Iterative closest point (ICP). The basic ICP algorithm
[5] to compare with a simple and “naive” approach.

e Feature. The method by Spjuth et al. [30] was in-
cluded as this method is similar to the proposed algo-
rithm but without the iterative behavior.

o Iterative closest feature (ICF). The proposed method
as described in section 3.

e Spherical Warp. This is the method used in FreeSurfer
to register a cortical surface to a “canonical” surface
[12, 13]. Source and target surfaces are mapped to
the unit sphere (figure 1) and the folding patterns are
aligned using a warp minimizing the mean squared
difference between the average convexity [13]. This
method is included as the algorithm is freely avail-
able and the spherical mapping introduces less metric
distortion than other mapping methods [20]. To ob-
tain a vertex correspondence map, the geodesic closest
points are used between two surfaces registered to the
canonical surface provided by FreeSurfer.

e Spherical. A method where source and target surfaces
are mapped to a sphere and corresponding points are
found by rotations of the source surface optimizing
curvature correlation. The method is similar to the ap-
proach described by Fischl et al. [12], but instead of
the final non-linear warp a rigid optimization is per-
formed iteratively in a multi-scale manner. The spher-
ical mapping was done using FreeSurfer [7], while the
subsequent optimization was implemented locally. As
in the warp approach described above, a vertex cor-
respondence map is obtained by the geodesic closest
points between the two surfaces after optimization.

The following section describes how the five mapping
algorithms were evaluated.

5 Mapping Evaluation

Performance of the algorithms was tested using 10 cor-
tical surfaces extracted by the FreeSurfer software [7]
from T1 weighted MRI scans (1.5 Tesla, 30°flip angle,
TR/TE=18/10 ms, isotropic 1 mm voxels) from young
healthy subjects. FreeSurfer produces surfaces of the in-
ner and outer boundary of the cortex for each hemisphere
separately. Surfaces of the outer cortical boundary of left

Figure 1. From cortex surface to sphere. Left:

Original cortical surface. Middle: Inflated
surface with curvature values superimposed.
Right: Surface mapped to a sphere with cur-
vature values superimposed.

hemispheres only were used in the evaluation, as brain sym-
metri properties suggest that either hemisphere is represen-
tative for the cortical variation, and the mapping algorithms
are expected to perform equally well on both hemispheric
surfaces. Surfaces generated by FreeSurfer are triangular
meshes with spherical topology and have arbitrary number
of vertices, thus they are well-suited for testing the algo-
rithms described here. The 10 extracted left cortical sur-
faces had on average 148k+8k vertices. The distribution
of vertices were assumed similar for the generated surfaces.
All 10 cortical surfaces were in turn used as target for map-
ping the other nine surfaces, thus resulting in 90 mappings
in total used in the evaluation.

The optimal corresponding target vertex for any given
source vertex can be sought even though this means that
two distinct vertices may map to the same vertex on the
target surface. It is desirable to map to as many vertices
on the target surface as possible to retain information, i.e.
the image of the mapping must cover as much of the tar-
get surface as possible. The higher coverage of the target
surface the better approximation of a bijection between the
surfaces. Therefore, one criterion for a good mapping is
the percentage of vertices on the target surface that are used
as correspondence points for vertices on the source surface,
i.e. the coverage of the target surface. If the source surface
has less vertices than the target surface full coverage is not
possible. Therefore the coverage error, C, is defined as:

| M|

C=1-——
min([Vyl, [Vi])

2
where M, is the set of target vertices with a mapping, and
Vs and V; are the same as in section 3. Thus a full coverage
results in C' = 0 while mappings with less coverage have
higher values with a theoretical upper limit of C = 1.
Increasing the vertex count of the source surface pro-
vides better conditions for a good coverage. However, a
source surface with twice as many vertices as the target sur-
face may provide full coverage of the target surface with-



out being considered a good mapping if for instance a large
portion of source vertices map to the same target vertex.
Therefore, another criterion for a good mapping is the mean
square number of mappings per target vertex normalized by
the squared source/target vertex count ratio. The multiple
mapping error, M, is defined as:

2
W 2™ Vil D mj
M= JEV: 1= JEV: 1 3)
()2 Vs l?

where m; is the number of mappings to vertex j of the tar-
get surface. If M = 0 the mapping is optimal with regard to
the criterion, while higher values of M signal worse map-
pings with a theoretical upper limit of M = |V;| — 1.

When mapping between surfaces we expect that patches
of the source surface are mapped to patches of similar size
on the target surface. We introduce a third criterion aiming
at evaluating this property. For each vertex ¢ on the source
surface we determine the geodesic distances to the neigh-
bors along the target surface after applying the map, where
the geodesic distance is calculated as the minimum edge
length between vertices (Dijkstra’s algorithm [8]). Opti-
mally, this distance should be the same as on the source
surface when surfaces have equally distributed vertices. We
calculate the geodesic error at vertex ¢ as:

¢(i) = ng;m lg(m (i), m(j)) — g(i,5)| (4

where N (i) is the set of neighboring vertices to vertex i on
the source surface, ¢(i, j) is the geodesic distance between ¢
and neighbor j, while g(m(i), m(j)) the geodesic distance
between these vertices after the mapping. The density eval-
uation criteria, D, is defined as the average of the geodesic

€Irors:
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A mapping with good preservation of source surface
patches has a small D with a theoretical minimum of D = 0
for the perfect preservation. This metric is affected if the
vertex distributions of the two surfaces are highly irregu-
lar. For this reason, similar distributions of the surfaces are
assumed.

Finally, we wanted to evaluate if vertices are mapped be-
tween similar topographical areas. To quantify this we de-
fine a topography criterion, T, as the average difference in
mean curvature before and after mapping to the target sur-

face:
> 1p(i) = p(m(@)] (6)

i€V
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where p(i) is the mean curvature at vertex ¢ and m(3) is the
mapping of vertex ¢ (the target vertex). Curvature values

are normalized to the interval [—1 : 1], thus the topography
criterion has values in [0 : 2] with theoretical extrema.

The four criteria described above are all quantitative ap-
proaches to evaluating the mapping between cortical sur-
faces. To add a more qualitative approach we performed
a landmark test to evaluate the algorithms’ performance in
mapping to the same anatomical landmarks between differ-
ent cortical surfaces. Six landmarks were identified manu-
ally on all 10 cortical surfaces of the left hemisphere. Land-
marks were placed by labeling vertices spanning areas of
1-5 mm?. The selected anatomical landmarks were the tem-
poral pole (TP) at the anterior end of the superior temporal
gyrus, the supramarginal gyrus (SG) at the posterior end
of the lateral sulcus, the cuneus (Cun) where the parieto-
occipital sulcus meets the calcarine sulcus, the posterior
part of gyrus rectus (GR), the most superior part of the post
central gyrus (PCG), and the cingulate gyrus (CG) at the
anterior end of the cingulate sulcus. These anatomical loca-
tions were used as they are relatively easy to recognize on
the cortical surface, but are still subject of morphological
variation. For each mapping the geodesic distances between
the mapped landmarks and the manually labeled landmarks
were measured and averages over all 90 mappings were cal-
culated.

Finally, we wanted to evaluate the effect of different
mapping algorithms on statistical maps, which are often
used when measuring cortical thickness. We wanted to test
if choice of mapping algorithm would change the conclu-
sions drawn from cortical thickness statistics. The corti-
cal thicknesses of the 10 subjects were therefore mapped
to a random target surface and the non-parametric Kruskal-
Wallis test [3] was performed at each vertex to test for
equality among the mapped values. Furthermore, at each
vertex the algorithms were tested against each other using
the non-parametric Mann-Whitney-Wilcoxon (MWW) test
[3] to evaluate differences between them.

6 Results

The four quantitative evaluation criteria as defined in
section 5 were calculated for all 90 mappings. Figure 2
shows the average errors calculated for each algorithm by
the evaluation criteria. The results from the landmark test
are shown in figure 3.

Table 1 shows the average difference in mean cortical
thickness before and after mapping the nine cortices to the
randomly selected reference surface. The Kruskal-Wallis
test showed that 31% of the vertices were dependent on the
mapping algorithm, and the subsequent MWW test revealed
that the feature and ICF algorithms were providing similar
statistical results, while specifically the spherical rigid ap-
proach had areas with conclusions different from the other
algorithms (table 2). Figure 4 shows the statistical maps
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Figure 2. Average errors of mapping with the five tested algorithms between permutations of the 10
cortical surfaces (n=90).

Feature CP Feature
- b

Spherical

(a) Lateral views (b) Medial views

Figure 4. ICF compared vertex by vertex to the other four mapping algorithms visualized on an
inflated reference surface. White areas indicate significant difference (p<0.05) in the cortical thick-
nesses mapped to a vertex.

Avg. difference (mm) | Paired t-test (p-val) when comparing the ICF algorithm with each of the other
ICP -0.10+0.05 <0.01 four mapping algorithms using the MWW test.
Feature 0.02+0.03 0.11
ICF -0.014+0.02 0.06 7 Discussion
Spherical 0.0040.03 0.64
Warp 0.01+0.01 0.13 Evaluation Metrics
Ta_ble 1. Average diff_erence in mean cortical The four evaluation criteria in section 5 were designed to
thickness after mapping. evaluate the behavior of the examined mapping algorithms.

Even though the criteria should optimally result in as low
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Figure 3. Average distances in mm from
mapped landmark to manually labeled land-
mark of 90 mappings. Landmarks are tem-
poral pole (TP), supramarginal gyrus (SG),
cuneus (Cun), gyrus rectus (GR), post cen-
tral gyrus (PCG), and anterior cingulate gyrus
(CG).

values as possible, all criteria cannot be expected to be
low because of the highly diverse folding patterns in the
surfaces. For example, a low density error, i.e. a good
preservation of the intrinsic vertex configurations, will in-
evitably result in a high topography error, as some vertices
are mapped from convexities to concavities and vice versa.
Nevertheless, the four criteria are useful for evaluating the
algorithms’ strengths and weaknesses.

From figure 2 it can be seen that the algorithms behave
more or less as expected. The ICP algorithm not surpris-
ingly has relatively high coverage, multiple mapping, and
topography errors, while the density error is kept low. This
is to be expected as no constraints on multiple mappings or

Feature | ICF | Spherical | Warp
ICP 6% 3% 24% 14%
Feature - 0% 22% 6%
ICF - - 22% 6%
Spherical - - - 22%

Table 2. Percent vertices of reference surface
where the MWW test rejects the hypothesis
that the cortical thicknesses come from the
same population (o« = 0.05) for the different
mapping algorithms, which means that the
mappings influence the conclusion.

topography preservation are applied, and vertices are kept
very compact as only the Euclidean distance is optimized.
The feature algorithm as proposed by Spjuth et al. [30] has
almost as bad a coverage as the ICP algorithm, but performs
better in both the multiple mapping and topography crite-
ria. As expected the density error for the feature algorithm
is high, as neighboring vertices are allowed to jump be-
tween gyri resulting in long geodesic distances between the
mapped vertices. The proposed ICF algorithm behaves ap-
proximately similar to the feature algorithm with regard to
the density and topography criteria. However, when evalu-
ating the coverage and multiple mapping, it can be seen that
this algorithm has the lowest errors among the five evaluated
algorithms. This was expected as constraints are enforced
to prevent multiple mappings and optimize the coverage.

The two mapping approaches that use an intermediate
step in form of mapping to a sphere have a similar behavior.
As expected these algorithms have the lowest density er-
rors among the algorithms, and the multiple mapping errors
are also relatively low. This is because the intrinsic ver-
tex configurations are retained during the spherical fitting
process. However, the coverage errors are relatively high,
and the topography errors are highest among the evaluated
algorithms for the rigid spherical approach, while a little
lower for the warp approach. This is interesting as the fit-
ting process should minimize the topographical differences
between the surfaces. This is a tangible sign of the high
diversity of the folding patterns, and that maintaining the
intrinsic vertex configurations result in mapping between
different topographies. The spherical warp approach which
non-linearly should compensate for the highly diverse fold-
ing patterns still has high topography errors. This may be
explained by the fact that the non-linear fitting is done to an
average model instead of the actual target surface. It seems
that a combination of the ICF and the spherical approach
may provide a nice trade-off between the four mapping cri-
teria.

Landmark Test

Figure 3 reveals that the mapping algorithms are far from
perfect when evaluating how well they map between man-
ually labeled landmarks. The error is measured as the
geodesic distance to the manually labeled landmark, which
means that mapping to a gyrus or sulcus adjacent to the cor-
rect results in a large error. From the figure it can be seen
that some landmarks are generally more accurately mapped
than others no matter the choice of algorithm. The cingu-
late gyrus are in most cases mapped with a precision of less
than 1 cm, and gyrus rectus is also in most cases mapped
more accurately than the remaining four landmarks. These
two landmarks are both located medially close to the mid-
brain where cortical variations are less pronounced. The



supramarginal gyrus, which is located in an area of deep
sulci and great cortical variability, generally has high er-
rors in all five algorithms. This emphasize the fact that
highly convoluted and variable areas are harder to map than
less folded areas. The ICP, feature, and ICF algorithms all
have similar patterns of landmark errors not significantly
(0.21<p<0.40) different from each other, which may be
due to the similar nature of these algorithms. The spher-
ical approach with the rigid optimization seems to have a
more uniform distribution of errors, except for the cingulate
gyrus. This can be explained by the rigid optimization. The
spherical approach with the non-linear optimization is able
to compensate for the high cortical variability, and it results
in errors similar to landmarks in areas without great cortical
variability, such as the cingulate gyrus and gyrus rectus. Be-
cause of the high standard deviations in the landmark errors,
it is hard to confidently determine the best mapping algo-
rithm, however, when averaging all landmark errors within
each algorithm the spherical warp approach performs sig-
nificantly (p<0.001) better than the other algorithms with
an average error of 9.5+9.0 mm, while the spherical rigid
approach performs significantly (p<0.001) worse with an
average error of 19.0£23.4 mm. Further tests should in-
clude more subjects and landmarks in concave regions in
addition to the convexly located landmarks used here to get
a more representative quantification of mapping accuracy.

Statistical Maps

The averaged cortical thickness after mapping to the ran-
dom reference surface did not change significantly except
when using the ICP algorithm (see table 1). However, the
generated statistical maps revealed that almost one third of
the vertices on the reference surface are dependent on which
mapping algorithm is used to map the cortical thickness to
the reference. Testing each algorithm against the others
revealed that the spherical rigid approach is the algorithm
with the largest areas (22% - 24%) of deviating conclu-
sions based on the MWW test (see figure 4 and table 2).
Almost no difference is seen between the ICF and feature
algorithms while smaller differences is seen between ICF
and ICP (3%) and ICF and the spherical warp (6%). As it
can be seen from figure 4, 3% is a noticeable portion of a
cortex, and may lead to wrong conclusions. This suggests
that the impact of the mapping algorithm on the statistical
maps is high, and it must be taken into consideration when
drawing conclusions from the statistical maps.

Proposed Algorithm

The ICF algorithm extends the simple feature based ap-
proach by iteratively approximating a bijection. This is re-
flected in the quantitative measures of coverage and multi-
ple mapping, where ICF has the lowest errors. However,

the algorithm is not more accurate when measuring the dis-
tance to the manually placed landmarks, and the statistical
maps show no difference between the simple feature based
method and the ICF. Though preserving more information,
the ICF algorithm does not seem to improve accuracy or
change the produced statistical maps.

Both approaches use mean curvature, normal direction,
and Eucledian distance for matching vertices. These fea-
tures do not distinguish between large convex areas, such as
the sylvian fissure, and the smaller convexities, such as most
of the sulci. Additional features could be included in the
cost functional to better map areas of similar sized convex-
ity, e.g. the average convexity as used by FreeSurfer could
be used [12, 11]. Also, a term punishing large geodesic
distances between vertex neighbors after mapping could be
included to compensate for the high density errors. Fur-
thermore, the weights in the cost functional were optimized
by a simple phantom surface, and better accuracy may be
achieved by optimizing using realistic cortical surfaces.

8 Conclusion

This paper presented a new algorithm for solving the cor-
tical mapping problem and tested it along with four other
algorithms. The tests of the five mapping algorithms leave
a mixed result, where no algorithm can be singled out as
the best. The four evaluation criteria showed that the al-
gorithms generally behave expectedly, while the landmark
test indicated that the spherical warp approach is more ac-
curate than the rest of the tested algorithms. Choice of al-
gorithm should depend on the study. Dependent on whether
the preservation of intrinsic vertex configuration or the com-
parison of similar topographic areas is important, either the
spherical warp or the ICF algorithm should be chosen, as
these are respectively more accurate and preserve the most
information. A combination of these algorithms could be
a promising mapping method and should be investigated in
the future. We showed that choice of mapping algorithm
impacts the results drawn from statistical maps. However,
considering the small number of subjects used here further
testing should be carried out to confirm this. Finally, the
number of different types of mapping algorithms tested is
limited. Other types of mapping methods, such as methods
based on diffeomorphic mapping, should also be compared
in a future evaluation.
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