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Abstract: We propose a novel methodical approach to lesion analyses involving high-resolutionMR images
in combination with probabilistic cytoarchitectonic maps. 3D-MR images of the whole brain and the man-
ually segmented lesion mask are spatially normalized to the reference brain of a stereotaxic probabilistic
cytoarchitectonic atlas using a multiscale registration algorithm based on an elastic model. The procedure is
demonstrated in three patients suffering from aperceptive tactile agnosia of the right hand due to chronic in-
farction of the left parietal cortex. Patient 1 presents a lesion in areas of the postcentral sulcus, Patient 3 in
areas of the superior parietal lobule and adjacent intraparietal sulcus, and Patient 2 lesions in both regions.
On the basis of neurobehavioral data, we conjectureddegradation of sequential elementary sensory informa-
tion processingwithin the postcentral gyrus, impeding texture recognition in Patients 1 and 2, and disturbed
kinaesthetic information processing in the posterior parietal lobe, causing degraded shape recognition in the
patients 2 and 3. The involvement of Brodmann areas 4a, 4p, 3a, 3b, 1, 2, and areas IP1 and IP2 of the intrapar-
ietal sulcus was assessed in terms of the voxel overlap between the spatially transformed lesion masks and
the 50%-isocontours of the cytoarchitectonic maps. The disruption of the critical cytoarchitectonic areas and
the impaired subfunctions, texture and shape recognition, relate as conjectured above. We conclude that the
proposed method represents a promising approach to hypothesis-driven lesion analyses, yielding lesion-
function correlates based on a cytoarchitectonic model. Finally, the lesion-function correlates are validated
by functional imaging reference data.HumBrainMapp 30:1444–1456, 2009. VVC 2008Wiley-Liss, Inc.
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INTRODUCTION

Lesion analysis is one of the main neuroscientific tools
to infer structure–function relationships. It relies on the
combined analysis of a defined neurological deficit and the
underlying critical brain area. Functional imaging techni-
ques have largely superseded traditional lesion analysis
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because of a number of disadvantages. Among them are
the need for patients with a circumscribed brain lesion
and a distinct deficit and the fact that brain function in
patients is per se not healthy. Yet, suitable lesion studies
of patients provide a unique window to the relationship
between structure and function that is complementary to
other techniques [Rorden and Karnath, 2004]. Dissociation
of function is often the focus of interest, preferentially a
double dissociation of function [Teuber, 1955]. In double
dissociation, a lesion of structure X will specifically disrupt
function A while sparing function B, and, conversely, a
lesion of structure Y will specifically affect function B

while function A remains intact.
In this article, we present a new hypothesis-driven

method to lesion analysis, involving mapping to a stereo-
taxic probabilistic cytoarchitectonic atlas [Amunts and
Zilles, 2001; Zilles et al., 2002]. In our approach, we make
use of a unique stereotaxic probabilistic cytoarchitectonic
atlas for the mapping of lesions and state of the art com-
putational methods. The cytoarchitectonic atlas captures
interindividual and interhemispheric variability of the
underlying microstructurally defined cortical areas instead
of macroanatomical labels of a single individual. A nonlin-
ear, elastic registration algorithm is used to compute dense
voxel-wise transformations between the brain of the
patient and the reference brain of the stereotaxic atlas
[Holmes et al., 1998]. The extent of the lesions is supplied
to the algorithm in form of a mask. Modifications to the
underlying mathematical functional ensure that the lesion
is preserved in relationship to the surrounding tissue dur-
ing registration [Henn et al., 2004; Henn et al., 2006]. The
method is applied in a study of three patients with unilat-
eral tactile aperceptive agnosia of one hand for everyday
objects which had persisted for years after an ischemic in-
farction [Bohlhalter et al., 2002]. Patient 1 has a lesion in
the upper part of the postcentral gyrus of the left hemi-
sphere, Patient 3 a lesion in the superior posterior parietal
lobe of the left hemisphere, and Patient 2 lesions in both
regions. Hence, Patient 2 has lesions in common with both
Patient 1 and 3, whereas these two have distinct lesions,
allowing us to test for double dissociation. Tactile object
recognition depends on the conveyance of multiple affer-
ents from cutaneous and deep receptors in joints and
muscles of an exploring hand. From the view of percep-
tion, these elementary sensations are integrated to yield
more complex information reflecting the textural and spa-
tial patterns of a specific object: Area 3a receives input pri-
marily from muscle stretch receptors, area 3b from cutane-
ous mechanoreceptors. Rapidly adapting cutaneous recep-
tors predominate in area 1. However, it also receives input
converging from regions of the hand and fingers that are
represented in areas 3a and 3b. Area 2 receives convergent
input from slowly and rapidly adapting cutaneous recep-
tors and proprioreceptors in the underlying muscles and
joints. In parallel with the increased number of neurons
with converging receptive fields along the rostrocaudal
axis within the postcentral gyrus, the partitioning of the

somatosensory areas becomes weaker and the complexity
of the receptive fields increases [Iwamura et al., 1998].
Duffy and Burchfiel [1971] and Sakata et al. [1973] were
the first to suggest a hierarchical processing of somatosen-
sory information within the postcentral gyrus and the
superior parietal lobule on the basis of single unit record-
ings in monkeys. They found that the receptor field
neurons of Brodmann area (BA) 5 of the superior parietal
lobule were larger and more complex than those of soma-
tosensory area I (SI). O’Sullivan et al. [1994] and Roland
et al. [1998] found evidence in PET activation studies of
the human brain for distinct information streams depend-
ing on the somatosensory domains of microgeometry and
macrogeometry. Roughness discrimination activated the
lateral opercular cortex, whereas shape and length discrim-
ination activated the anterior part of the intraparietal sul-
cus. In a functional magnetic resonance imaging, fMRI,
study, explicit processing of shape differences between
objects sequentially presented to the right hand indicated
maintenance of information within the superior parietal
lobule of the left hemisphere during the delay period
between exploration of the first and second object. Activa-
tion of the homologue area of the right hemisphere was
evoked by the final somatosensory discrimination [Stoeckel
et al., 2004]. Therefore, it can be inferred that anterior pari-
etal lesions are associated with tactile agnosia due to defi-
cient processing of textural cues, whereas posterior lesions
cause tactile agnosia, i.e., astereognosis, through deficient
kinaesthetic cues.
Relying on these observations, the neurobehavioral data

[Bohlhalter et al., 2002] and the aforementioned lesion
locations, we predict contralateral to the affected hand an
impairment of somatosensory cytoarchitectonic areas
involved in the consecutive processing chain handling
microscopical object properties in Patients 1 and 2. For
Patients 2 and 3, we expect contraleral to the affected hand
an impairment of cytoarchitectonic areas in the anterior
part of the posterior parietal lobe. An impairment of these
areas interferes with the processing of shape that can be
predicted for patients with tactile apraxia. It involves asso-
ciated shape recognition failure or distorted processing of
macroscopical object properties [Binkofski et al., 2007]. Our
hypothesis corresponds to the concept of dual streams of
somatosensory information flow elaborated by Caselli
et al. [1993], suggesting two independent functional net-
works serving specific information processing. From the
perspective of lesion analysis, our study recovers the con-
cept of double dissociation of function [Teuber, 1955].
To verify our hypothesis and to demonstrate the poten-

tial of the method for lesion analysis and characterization,
respectively, we mapped the lesions into the stereotaxic
space of the cytoarchitectonic atlas. The analysis included
cytoarchitectonic areas of the postcentral gyrus (BA 3a, 3b,
1 [Geyer et al., 2000] and 2 [Grefkes et al., 2001], the neigh-
boring precentral gyrus (BA 4a and 4p [Geyer et al., 1996]),
the secondary somatosensory cortex SII of the parietal
operculum including areas OP1-4 [Eickhoff et al., 2005] as
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well as two areas in the anterior portion of the ventral
intraparietal sulcus (IP1, IP2 [Choi et al., 2006]). Area IP1
and IP2 occupy the anterior lateral bank of the human
intraparietal sulcus (IPS), IP1 being located posterior and
medial to IP2. The correct human correlate of the anterior
intraparietal sulcus (AIP), however, as defined in maca-
ques is not definitely resolved. Analysing somatosensory
information processing in both lesion and activation stud-
ies may contribute the resolution since the AIP is con-
ceived as a multimodal somatosensory area serving the
integration of somatosensory information [Grefkes et al.,
2001; Sakata et al., 1995].

PATIENTS AND METHODS

Patients

Three patients with tactile agnosia of one hand for
everyday objects that had persisted for years after an is-
chemic infarction were included in the study. Handedness
was assessed by the Edinburgh Inventory [Oldfield, 1971].
While primary sensory perception, i.e., specifically light
touch, vibration sense and position sense of forefingers,
was normal, two-point discrimination was impaired in
each individual.
Patient 1 was a 29-year-old, right-handed man. Cranial

computed tomography (CT) revealed an arteriovenous
malformation in the left parietotemporal lobe. Several
embolizations of the arteriovenous malformation by endo-
vascular techniques left neurological sequelae most likely
of ischemic origin [Qureshi et al., 2000]. The clinical data
were obtained following a stable course of 2 years after
embolization. The MRI showed a partially embolized
lesion in the left postcentral gyrus extending subcortically
to the border of the lateral ventricle and ventrally to the
precentral gyrus. The patient showed slight spasticity of
the right upper extremity with exaggerated tendon reflexes
and weakened closure of the fist. The main finding was a
marked tactile agnosia of the right hand. Elementary sen-
sations were not affected, and two-point discrimination
was moderately impaired (15 mm at the tip of index fin-
ger, normal 2 mm). The results of neuropsychological test-
ing were unremarkable. Selective attention, cognitive flexi-
bility, and memory were also normal.
Patient 2 was a 67-year-old, right-handed woman who

had suffered a left parietal ischemic infarction 30 years
before the study. Persistent inability to recognize every
day objects by tactile exploration with the right hand was
the only clinical residuum; she had fully recovered from
infarction in all other aspects. Magnetic resonance images
disclosed an isolated defect within the left postcentral
gyrus, extending from the Sylvian to the longitudinal fis-
sure and involving parts of posterior parietal lobe. Neuro-
logical examination was normal except impaired two-point
discrimination (55 mm at the tip of index finger), tactile
apraxia, and tactile agnosia of the right hand. Neuropsy-
chological evaluation revealed moderately impaired execu-

tive functions, while cognitive functions, notably memory,
and attention were intact.
Patient 3 was a 64-year-old, right-handed man who had

4 years before the study a left posterior parietal ischemic
infarction of embolic origin caused by a dissected aortal
aneurysm with involvement of the supraaortal arteries.
Inability to recognize everyday objects by tactile explora-
tion with the right hand was the predominant clinical
residuum. Magnetic resonance images disclosed a circum-
scribed defect within the left posterior parietal lobe,
preferentially involving the superior parietal lobule. Addi-
tionally, circumscribed ischemic lesions involved the left
medial frontal and dorsal premotor cortex and the left
head of caudate nucleus. Neurological examination was
normal except slightly impaired two-point discrimination
(10 mm at the tip of index finger) and the tactile apraxia
associated with agnosia of the right hand mentioned
above. Neuropsychological evaluation revealed moderately
impaired executive functions and slightly impaired verbal
learning.
Prior to inclusion into the study, the subjects gave writ-

ten, informed consent in accordance with the Declaration
of Human Rights, Helsinki, 1975. The study is in accord-
ance with the guidelines of the Ethics Committee of the
Kantonsspital St. Gallen.

Neurobehavioral Data

The assessment of tactile object recognition and the
methods for testing somatosensory discrimination in the
macro- and microgeometrical domain were detailed in a
previous paper [Bohlhalter et al., 2002]. A short overview
is given in the following subheads.

Tactile object recognition

Primarily, tactile recognition was tested with 30 every-
day objects, such as a coin, a key, or a nutshell. Objects
that were not correctly identified tactually were presented
again to the subjects during five specific matching tasks: (i)
tactile-tactile matching with the affected hand, (ii) tactile
matching of objects involving the nonaffected hand after
first presentation of objects to the affected hand, and (iii)
reverse, (iv) tactile-visual, and (v) visual imagination-tac-
tile matching. In each of these tasks, the replica for 10
objects had to be identified from among five different
objects.

Somatosensory discrimination in the macrogeometri-

cal domain

Discrimination of oblongness was tested using two pairs
of parallelepipeds with differences of 3.97 and 0.51 mm in
the long axes, the former lying above and the latter below
discrimination threshold [Weder et al., 1998]. The objects,
manufactured of 95% hard aluminium, have identical vol-
ume (11.5 cm3), mass, and surface qualities. Among object
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pairs with differences from 0.44 mm to 5.01 mm in the
long axis, the object pair used for the suprathreshold dif-
ference was discriminated by normal volunteers after con-
secutive exploration with the highest success rate (proba-
bility of a correct answer, P 5 0.95, with 95% confidence
interval, CI, 0.92–0.97). The exploration is characterized by
transitive movements of the fingers, preferentially of fin-
gers I to III, with directed motion, adapting exactly to the
object.

Somatosensory discrimination in the

microgeometrical domain

Using an adapted protocol from Morley et al. [1983], the
patients explored, with the pad of their forefingers, syn-
thetic surfaces with different grating profiles consisting of
alternating grooves and ridges having spatial period
lengths of 1,000 and 1,100 lm [Bohlhalter et al., 2002]. The
average contact area of the scanning fingerpad was �123
mm2 and the average contact pressure, held constant by a
counterbalancing weight, was 0.6 g 3 wt 3 mm2. Correct
discrimination in normal volunteers is at P 5 0.90 (0.88–
0.92 95% CI). The exploration is characterized by intransi-
tive, scanning movements of the index finger.

Magnetic Resonance Imaging, MRI

MRI was performed on a 1.5 Tesla MRI system (Sym-
phony; Siemens, Erlangen). Scanning was performed in
parallel to the behavioral assessment of tactile recognition
years after the primary vascular lesion (see also section
Patients). One millimeter thick contiguous slices were
acquired in a sagittal plane using a T1-weighted gradient
echo sequence (3D FLASH; repetition time, TR 5 1960 ms;
echo time, TE 5 3.93 ms; flip angle, a 5 158; inversion
time, TI 5 1100 ms). Voxel size was 0.8 3 0.8 3 1 mm,
allowing multiplanar reconstructions. Acquisition time was
8 min 23 s.

Probabilistic, Cytoarchitectonic Maps in

Stereotaxic Space

Each map is based on cytoarchitectonic investigations of
both hemispheres of 10 postmortem human brains (five
males, five females; mean age: 64.9 years, SD 5 16.9) with
no history of neurological or psychiatric diseases [Amunts
and Zilles, 2001; Zilles et al., 2002]. Brains were obtained
from body donors in accordance with the guidelines of the
Ethics Committee of the University of Düsseldorf. Hand-
edness was unknown. MR images of the fixed postmortem
brains were obtained prior to embedding and histological
processing as a shape reference. Images were acquired
with a T1-weighted 3D FLASH sequence covering the
entire brain (flip angle 5 408, TR 5 540 ms, TE 5 5.5 ms).
The spatial resolution was 1 3 1 3 1.17 mm. Brains were
embedded in paraffin, sectioned (thickness 20 lm), and
stained for cell bodies. The borders of the cortical areas

were defined using an algorithmic approach based on
multivariate statistics treating features of cortical profiles
in every 60th section [Schleicher et al., 1999]. The histologi-
cal sections were 3D reconstructed using the postmortem
MR data set as a shape reference [Schormann and Zilles,
1998]. The reconstructed brain data sets were registered to
the T1 weighted, single subject reference brain of the MNI
[Holmes et al., 1998; Hömke, 2006]. The computed trans-
formations were applied to the mapped cytoarchitectonic
data. The probabilistic maps were created by superposition
of the mapped areas for all ten brains. The whole method
has been detailed by Amunts et al. [2000].

Definition of the Lesion Volume

The lesions in the magnetic resonance images were man-
ually segmented by an expert (F.B.). Views of all three sec-
tioning planes and volume renderings where used during
segmentation. The result was a volume data set of identi-
cal size as the patient data set, indicating whether a voxel
belongs to a lesion or not.

Registration With Incomplete Information

Registration is the process of transforming a data set
such that it becomes ‘‘similar’’ to another data set. A num-
ber of different terms are used for that process in the liter-
ature, e.g., warping, normalization, alignment, matching.
We register one data set T, the so-called template, to
another data set R, the so-called reference, by minimizing
the functional

R
X D½T;R;X;U� þ aR½X;U� on the image do-

main X. The result is a nonlinear transformation
U : x7!x� uðxÞ which is a translation in each point. D
measures the distance between the reference data set and
the transformed template data set T � U. The regularization
term R restricts the class of permissible transformations by
penalizing transformations that are not concurrent with
the model. Here, we use the sum of squared differences
(SSD) of the gray values as the distance measure D. The
regularization term R is the potential of the elastic energy
of the transformation. The positive real scalar parameter a
determines the influence of the regularization term. Apply-
ing the calculus of variation to the minimization problem
yields an iterative procedure where a large system of par-
tial differential equations (PDE) has to be solved in each
step. The system of PDEs is solved with a multigrid solver.
A multiresolution framework is wrapped around the itera-
tion to facilitate efficiency and robustness of the algorithm
[Henn et al., 2004; Henn et al., 2006; Hömke, 2006].
In the case of lesions, the distance measure has to be

augmented to compensate for the structural distortion
introduced by the lesion, e.g., large regions of atypical
pixel intensity values. Minimization of the distance in that
region does not reflect the objective goal of registration,
i.e., the lesion is not preserved within the context of the
surrounding data. Consider for example a white matter
lesion with low gray values surrounded by white matter
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with high gray values. Pulling the surrounding tissue
inside the lesion, even contracting the lesion to zero vol-
ume, would minimize the distance between the data sets
in that case.
To preserve the lesion during registration we adopted

techniques from the well studied field of variational
‘‘image inpainting’’ [Bertalmio et al., 2000; Chan and Shen,
2002]. Hereby, missing or damaged fields, or parts of the
image, are marked and supplied to the inpainting algo-
rithm. These parts of the image are also reconstructed by
minimizing a functional that consists of a distance term
and a regularization term. The functional is designed such
that the resulting equations in the marked regions are gov-
erned only by the regularization term, which determines
how the surrounding image information is continued into
the marked regions.
Applying the same techniques in this context leads to

the modified distance measure De T;R;X;G;U½ � where G is
the marked region and De T;R;X;G;U½ � ¼ 0 for all
x 2 G � U. The regularization term R then ‘‘interpolates’’
the transformation into the region G, moving the region
along with the rest of the image. In our application, the
lesion region G is determined by an expert and is supplied
to the algorithm as a voxel mask. The computed transfor-
mation is applied to the mask of the lesion. The trans-
formed lesion can then be compared to the cytoarchitec-
tonic data included in the atlas. For verification, the
method has been applied to artificially lesioned data sets,
facilitating the comparison with the results for the com-
plete data sets. Similar sized lesions, in the vinicity of the
lesions under investigation here, were used in these tests
[Henn et al., 2006]. A similar cost-function masking tech-
nique has also been proposed by Brett et al. [2001] for the
SPM normalization algorithm. This article also contains a
number of tests that underline the necessity and validity
of the approach in case of incomplete image information.
It has been used in a number of SPM-guided studies to
exclude lesions or artefacts, e.g., signal dropout.

Mapping of the Lesion Into the Space of the

Cytoarchitectonic Maps

The patient data sets were compared with the stereotaxic
probabilistic cytoarchtectonic atlas. Linear transformations
between the patient data sets and the reference brain were
computed to compensate for gross differences in overall
size, orientation, and shape. Information about the lesion
was not included in the computation since the local distor-
tion has no significant impact on the global transformation.
Depending on the size of the lesion, the technique
described above must be applied to the cost function of
the linear registration to obtain reasonable results. In the
next step, the nonlinear registration method described
above was applied to the linearly registered data sets. The
lesions are transformed to the stereotaxic reference space
by application to the lesions masks of the same linear and
nonlinear transformations. 50% maps, comprising the vol-

umes delimited by the 50% isocontours (the regions where
for at least five brains of a cytoarchitectonic area overlays
after registration the reference space), were calculated for
the coregistration of lesion masks and cytoarchitectonic
maps. The following nine cytoarchitectonic areas were
compared with the lesion masks: BA 3a, 3b, and BA 1
[Geyer et al., 2000], BA 2 [Grefkes et al., 2001], BA 4a and
4p [Geyer et al., 1996], areas IP1 and IP2 [Choi et al.,
2006], and areas OP1-4 [Eickhoff et al., 2005]. The number
of coinciding voxels located in the cytoarchitectonic maps
and the lesion, providing information about which
cytoarchitectonic areas are likely to be affected and to
which extent they might be affected by the lesion, was
calculated.

Functional Imaging Reference Data

In a previous study, we explored somatosensory dis-
crimination in the macroscopical domain using event-
related functional imaging in seven healthy subjects
[Stoeckel et al., 2004]. The activation paradigm and the pa-
rameters tested were exactly the same in this study as
mentioned above in the respective section. We found one
area in the left superior parietal cortex related to the main-
tenance of tactile object information during the delay pe-
riod beween exploration of the first and second object, i.e.,
activation related to distinguishable objects with supra-
threshold differences of 3.97 in the long axis (contrasted
with the activation related to object pairs below the dis-
crimination threshold). This area, representing explicit per-
ception of the intended information, is introduced into the
cytoarchitectonically mapped lesion of the reference brain.

RESULTS

Tactile Object Recognition

In summary, tactile recognition of 30 everyday objects,
such as a coin, a key, or a nutshell, was reduced in all
three patients. While Patients 2 and 3 recognized only one
out of 30 objects by tactile exploration with the affected
right hand, performing the task at the level of pure guess-
ing, Patient 1 was able to recognize 9 out of 30 objects cor-
rectly. The results were stable during an observation pe-
riod of one year. Tactile–tactile matching with the affected
hand resulted in an enhanced, but only implicit identifica-
tion of object replicas. ‘‘Crossed’’ tactile–tactile matching,
i.e., tactile matching of objects involving the nonaffected
hand after presentation of objects first to the affected hand
and reverse, yielded a considerably enhanced object re-
cognition rate in both patients. Tactile-visual and visual
imagination-tactile matching using supramodal pathways
resulted in equally enhanced recognition of objects in both
patients. Tactile agnosia was therefore assessed as unilat-
eral and aperceptive in nature, since association had been
shown to function as evidenced by the matching tasks
(Table I).
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Somatosensory Discrimination in the

Macrogeometrical Domain

In Patients 2 and 3, somatosensory discrimination of the
object pairs, i.e., parallelepipeds with a suprathreshold dif-
ference in the long axis, was significantly reduced in the
affected hand (P < 0.001). Discrimination of the same
objects in Patient 1 was practically preserved in the
affected hand, as reflected in a score in the lower range of
normal volunteers. Task performance with the nonaffected
left hand was normal in all patients. Notably, tactual ex-
ploration involving the critical transitive movements of the
affected right hand was severely impaired in Patients 2
and 3, who showed a slowed and irregular pattern
adapted insufficiently to the objects explored (see somato-
sensory discrimination in Table I).

Somatosensory Discrimination in the

Microgeometrical Domain

On the affected right side, the somatosensory discrimi-
nation of roughness, as represented by different grating
profiles, was significantly reduced in Patients 1 and 2 com-
pared with normal volunteers (P < 0.001). In Patient 3,
somatosensory discrimination of roughness was slightly
but insignificantly reduced. With the left hand, the proba-
bility of correct answers was in the range of normal volun-
teers in all patients (see somatosensory discrimination in
Table I).

Comparison of Task Performances in the

Macrogeometrical and Microgeometrical Domain

Task performances of Patients 1 and 3, evidencing dis-
joint lesions in the lesion analysis (see below), were
directly compared by calculating their odds ratio (OR)

from the results of Table I (somatosensory discrimination).
The result, OR 5 9.95 with 95% CI: 2.97–33.31, indicates
that macrogeometrical somatosensory discrimination was
significantly better in Patient 1 than in Patient 3. In con-
trast, microgeometrical somatosensory discrimination was
significantly worse in Patient 1 than in Patient 3 as indi-
cated by the OR 5 0.37 with 95% CI: 0.15–0.94. As
expected, both domains of task performance in Patient 2,
whose lesion covered both critical subfields, i.e., in the
postcentral gyrus and the posterior parietal lobe (see
below), was significantly diminished.

Mapping the Lesions to the

Cytoarchitectonic Atlas

In Patient 1, the lesion includes the postcentral gyrus
and the anterior part of the motor areas. In Patient 2, the
lesions include the postcentral gyrus and the posterior pa-
rietal cortex. Patient 3 has a lesion in the posterior parietal
cortex, and additional circumscribed lesions in the left
fronto-mesial and dorsal premotor cortex and the head of
caudate nucleus. Figure 1A,C,E show volume renderings
of the patients’ brains with the lesions before non-linear
registration to the atlas brain. Corresponding volume ren-
derings after non-linear registration are displayed in Fig-
ure 1B,D,F. Both renderings of the patients’ brains match
the atlas brain while the lesions are preserved within the
context of the surrounding tissue. Table II summarizes the
overlap between the 50%-probabilistic maps and the trans-
formed lesion masks.
Concerning the lesion in the postcentral gyrus in Patient

2, the main overlap is found in BA 1 and 2. In Patient 1
mainly BA 3a and 3b are involved. As Table II shows, the
lesions of Patient 1 and 2 coincide in BA 1,2, and 3b. These
areas cover over 90% of the coinciding lesion and each
contributes about 30% to that overlap. The parietal opercu-

TABLE I. Neurobehavioral data

Patient 1 Patient 2 Patient 3

Tactile object recognitiona

A. Affected right hand 0.3 (0.15–0.50) 0.03 (0–0.10) 0.03 (0–0.10)
B. Normal left hand 1 1 0.97 (0.83–1)
Somatosensory discriminationb

A. Macrogeometric domain
Length difference in the major axis of cuboids (Dl 5 3.97mm)c

Right hand 0.9 (0.77–0.96) 0.7 (0.57–0.8)d 0.48 (0.33–0.63)d

Left hand 0.98 (0.87–1) 1 (0.91–1) 1 (0.91–1)
B. Microgeometric domain

Difference in grating profile (10% from a reference spatial period of 1000 lm)e

Right hand 0.65 (0.52–0.76)d 0.68 (0.56–0.79)d 0.83 (0.7–0.91)
Left hand 0.97 (0.88–0.99) 0.87 (0.76–0.93) 1 (0.91–1)

a Probability of a correct answer according to proportion, incl. 95% confidence interval (Clopper-Pearson).
b Probability of a correct answer according to a logistic model, incl. 95% confidence interval. Because of the dichotomous approach 0.5
represents an answer by chance and 1 100 % correct responses.
cNormals 0.95 (0.93–0.96).
d SSD task performance significantly reduced compared with normal volunteers by P < 0.001 (one sample analysis, two tailed).
eNormals 0.90 (0.87–0.92).
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lum, i. e. areas OP1-4 [Eickhoff et al., 2005], were not
affected by any of the lesions. The patients’ lesions do not
involve the whole somatosensory cortex, but mainly the
somatosensory hand areas centered at x 5 240 6 6 (SD), y
5 239 6 5 (SD) and z 5 50 6 4 (SD) in the space of
Talairach and Tournoux [1988]. At these coordinates acti-
vation was demonstrated in a somatosensory activation
task of the right hand in a group of healthy subjects
[Boecker et al., 1995]. In addition, the hand area of the
motor cortex and, thus, the neighbouring somatosensory
cortex, can be estimated by a knob on the precentral gyrus
[Yousry et al., 1997]. Slices for Figures 2–4 were selected
on the basis of these criteria. The involvement of the
cytoarchitectonic areas in these slices is illustrated for
Patient 1 in Figure 2, for Patient 2 in Figure 3, and for
Patient 3 in Figure 4. The lesion is shown as a white con-
tour, and the cytoarchitectonic areas are color coded: dark
green 5 BA 4a, light green 5 BA 4p, red 5 BA 3a, orange
5 BA 3b, yellow 5 BA 1, blue 5 BA 2, purple 5 area IP1,
magenta 5 area IP2.
The lesions in the posterior parietal lobe of Patient 2 and

3 were not fully characterized with respect to their
cytoarchitectonic correlates. This region has not yet been
described cytoarchitectonically with the exception of two
cytoarchitectonic areas of the intraparietal sulcus, IP1 and
IP2 [Choi et al., 2006]. However, both patients share a
lesion pattern involving both parts of the intraparietal sul-
cus and the superior parietal lobule.
The ventral intraparietal area IP1 (purple) overlaps with

the posterior lesions in Patient 2 and 3 (see Table II, Figs. 3
and 4). Note that the portion of IP1 covered by the lesions
is almost identical in Patients 2 and 3. In Patient 2 the
lesion overlaps slightly with IP2 (magenta) (see Table II
and Fig. 3). Only a few voxels of IP2 covered by the lesion
of Patient 2 coincide with the lesion of Patient 3. In a
recent study employing the same task in the macrogeomet-
rical domain as in this study, we found evidence for the
activation of areas IP1 and IP2 during maintenance of tac-
tile object information in healthy volunteers [Stoeckel
et al., 2004]. In other words, this area in the left hemi-
sphere indicated the activation related to keeping explicitly
perceived kinaesthetic information in memory. The border
of the observed activation is marked in the surface render-
ing of the reference brain in Figure 1B,D,F. The area
includes the superior parietal lobule and the adjacent
intraparietal sulcus, preferentially its dorsal part. Further-
more, it should be noted that the corresponding behavioral
data for somatosensory discrimination in the macroscopi-
cal domain obtained in the study by Stoeckel et al. [2004]
are integrated as reference data in Table I.
The comparison of functional imaging reference and

lesion data suggests a dichotomy of tactile recognition into
subfunctions: The activation field obtained after somato-
sensory discrimination in the macroscopical domain fits
perfectly with the lesion in the posterior parietal lobe of
those patients exhibiting dysfunctional shape recognition.
In contrast, the lesion common to those patients with

Figure 1.

Surface renderings of the patients brain before and after nonlin-

ear registration to the reference brain. The reference brain of

the atlas is the single subject template of the MNI [Holmes

et al., 1998]. Patient 1–3 are shown from top to bottom (A,C,E

5 original brains, B,D,F 5 after nonlinear transformation to ref-

erence space). In Patient 1 the lesion includes the postcentral

gyrus and the anterior part of the motor areas. In Patient 2 the

lesions include the postcentral gyrus and the posterior parietal

cortex. Patient 3 has a lesion in the posterior parietal cortex,

and additional lesions in the left medial frontal cortex and—very

circumscribed—in the left dorsal premotor cortex. The trans-

parent yellow area in B,D,F marks the projection of the activa-

tion field described in the study of Stoeckel et al. [2004], i.e.,

activation during maintenance of kinaesthetic information on line

(MNI space coordinates of the center of gravity x 5 248, y 5
250, z 5 54). The yellow dot represents the centre of gravity

of the hand area in the postcentral gyrus, projected onto the

cortical surface, found by Boecker et al. [1995] in a somatosen-

sory activation task. Note: The study of Stoeckel et al. [2004]

employed the same task for perception within the macrogeo-

metrical domain as the present study. Both studies are based on

the identical cytoarchitectonic maps of areas IP1 and IP2.
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dysfunctional texture recognition is far outside of this acti-
vation field and projects to the hand area in the postcentral
gyrus. It should be noted that the use of functional imag-
ing reference data may be preferable to anatomical refer-
ence data since they do not include effects of local reor-
ganization which have been observed after stroke [Jaillard
et al., 2005].

DISCUSSION

The proposed method for lesion quantification provides
a new and important way to study the relationship
between lesions and function. On the basis of the quantifi-
cation of subfunctions underlying tactile recognition, we
predicted in three patients the involvement of the critical
neural structures involved, substantiating proposals found
in the literature. The implication of the expected areas and
their assignment to microstructurally defined cortical areas
substantiates our approach.

TABLE II. Involvement of cytoarchitectonic areas as measured by the 50% isocontour

Anatomical
structure

Cytoarchitectonic
area

Patient 1
Lesion

extent [%]

Patient 2
Lesion

extent [%]

Patient 3
Lesion

extent [%]

Patient 1&2
Lesion

extent [%]

Patient 2&3
Lesion

extent [%]

Precentral gyrus 4a 24.4 0 0 0 0
Precentral gyrus 4p 69.5 0 0 0 0
Postcentral gyrus 3a 67.5 0 0 0 0
Postcentral gyrus 3b 50.6 10.7 0 5.4 0
Postcentral gyrus 1 18.5 32.9 0 6.9 0
Postcentral gyrus 2 25.2 31.1 0.4 7.7 0
Intraparietal sulcus IP1 0 44.7 78.7 0 42.2
Intraparietal sulcus IP2 0 1.2 0 0 0
Parietal operculum OP1-4 0 0 0 0 0

Figure 2.

Overlap of the 50% isocontour of the cytoarchitectonic areas

with the lesion (white contour line) in common reference space

for Patient 1. Horizontal and sagittal sections through the hand

area as defined by the average z- and x-coordinates of Boecker

et al. [1995]. The lesion overlaps with areas BA 3a and 3b of

the anterior bank of the postcentral gyrus and BA 4a and 4p of

the motor cortex. Color coding: dark green 5 BA 4a, light green

5 BA 4p, red 5 BA 3a, orange 5 BA 3b, yellow 5 BA 1, blue

5 BA 2, purple 5 area IP1, magenta 5 area IP2.

Figure 3.

Same as Figure 2, but for Patient 2. The overlap of the lesion and

the cytoarcitectonic areas shows the involvement of the posterior

bank of postcentral gyrus, mainly BA 1 and BA 2, and areas IP1

and IP2 in the intraparietal sulcus. The lesion involves the adjacent

superior parietal lobule. Color coding: dark green 5 BA 4a, light

green 5 BA 4p, red 5 BA 3a, orange 5 BA 3b, yellow 5 BA 1,

blue 5 BA 2, purple 5 area IP1, magenta 5 area IP2.
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All three patients exhibited features of unilateral tactile
aperceptive agnosia; to varying degrees, they had difficul-
ties to recognize everyday objects. This deficit could be
attributed to a dysfunction of one hemisphere. In Patient 1,
perception of microgeometrical object properties character-
izing their surfaces (i.e., grating profiles) was impaired, in
Patient 3, the perception of macrogeometrical object prop-
erties associated with their shape (i.e., the oblongness of
cuboids) [Johnson and Hsiao, 1992; Roland and Mortensen,
1987; Sathian, 1989], whereas patient 2 showed both defi-
cits. As inferred from impaired textural recognition, the
disintegration of the functional chain of consecutive
cytoarchitectonic areas within the postcentral gyrus, which
constitutes part of a distinct functional system for texture
information processing, was verified in Patients 1 and 2.
Additionally, as deduced from impaired kinaesthetic infor-
mation processing, the critical involvement of the superior
parietal lobule and the intraparietal sulcus, constituent
part of a second functional system, was verified in Patients
2 and 3. Thus, the disparate disruption of cytoarchitectonic
areas in Patients 1 and 3 corresponds to the loss or preser-
vation, respectively, of subfunctions underlying tactile
agnosia, an example of double dissociation [Teuber, 1955].
This relation between the affected cytoarchitectonic areas,
including the neighbouring superior parietal lobule, is fur-
ther substantiated by the findings pertaining to Patient 2,

which showed lesions and dysfunctions in common with
Patients 1 and 3.
Since discrimination paradigms probing the micro- and

macrogeometrical domains are not associated with real
perceptions of specific objects, the dysfunction in our
patients that impeded explicit recognition of objects would
be unimodally caused by impaired processing of elemen-
tary sensory cues. Furthermore, the patients were able to
transfer sensory information to and from the contralateral
intact hemisphere and the visual association cortices.
Thus, they obviously had access to unimodal or polymo-

dal association fields and were able to compensate explic-
itly for the inappropriate percept acquired by the affected
hand (see matching tasks). There were no indications of
conceptual deficits implying associative tactile agnosia
[Caselli, 1993; Mesulam, 1998; Reed et al., 1996]. Finally,
the patients with the impaired perception in the macro-
scopical domain showed disrupted transitive movements
characteristic of tactile apraxia [Binkofski et al., 2001].
On the basis of these observations, we conjectured in the

patients with impaired texture recognition degradation of
sequential processing within the somatosensory areas
located in the postcentral gyrus ascribed to Brodmann
areas (BA) 3a, 3b, 1, 2. In the patients with impaired shape
recognition, we conjectured disrupted parallel processing
in the superior parietal lobule and the adjacent intraparie-
tal sulcus, the latter being more implicated in the cytoarch-
itectonic area IP1.
After lesion of cytoarchitectonic areas within the post-

central gyrus as in Patients 1 and 2, elementary responses
in 3a and 3b from single deep and cutaneous receptor
fields cannot be integrated with cues encoding movement
direction of single digits, nor finally converted into multi-
digit cues in BA 1 and 2 [Iwamura, 1998]. The inferred dis-
integration of information processing in the rostrocaudal
direction is reflected primarily by the attenuated two-point
discrimination, a relatively simple result deduced from the
serial processing of elementary sensations [Johnson and
Phillips, 1981]. In the feed-forward direction, the cortex lin-
ing the intraparietal sulcus and the anterior part of the
supramarginal gyrus are presumed to belong to this chain
of hierarchical information processing of somatosensory
representations [Bodegard et al., 2001]. From the behav-
ioral data obtained in the matching tasks, we can conclude
that the interference between somatosensory and visual in-
formation, conjectured to take place in superior parietal
area BA 5, may have been spared in our patients [Iwa-
mura, 1998]. In addition, the overlap of the lesion of
Patient 1 with the motor areas BA 4a and 4p did not result
in observable deficits.
The areas of the superior parietal lobule and parts of

intraparietal sulcus are, together with the ventral premotor
cortex, constituents of a fronto-parietal circuit for object
manipulation, as evidenced, e.g., in a fMRI study by Bin-
kofski et al. [1999]. Accordingly, patients with posterior
parietal lobe lesions exhibit a distinct unimodal apractic
disorder, i.e., tactile apraxia, characterized by disrupted

Figure 4.

Same as Figure 1, but for Patient 3. The lesion overlaps prefer-

entially with area IP1 in the intraparietal sulcus and involves the

adjacent superior parietal lobule. Color coding: dark green 5 BA

4a, light green 5 BA 4p, red 5 BA 3a, orange 5 BA 3b, yellow

5 BA 1, blue 5 BA 2, purple 5 area IP1, magenta 5 area IP2.
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transitive movements as observed in Patients 2 and 3 [Bin-
kofski et al., 2001]. Recently, we showed that the region
lesioned in these patients was active when healthy volun-
teers perceived explicit somatosensory cues [Stoeckel et al.,
2004]. We applied the same cytoarchitectonic maps for
structure-functional comparison, and as in our lesion
study, the activated region was identified in the superior
parietal lobule, the ventral intraparietal (IP1) and the ante-
rior intraparietal sulcus (IP2) [Choi et al., 2006]. Recently,
the horizontal segment of the intraparietal sulcus has been
shown to mediate changes in stimulus configuration
[Molenberghs et al., 2007]. Hence, AIP seems to constitute
one of the most important interfaces between action and
perception in the haptic system [Binkofski et al., 2007]. The
definition of its human homologue within IP1 or IP2 is a
compelling future activity related to lesion and activation
studies exploring somatosensory information processing.
In conclusion, we conjecture that processing of shape or
kinaesthetic information, respectively, was disrupted in
these subjects. There remains the question of interference
between the additional ischemic lesions and task perform-
ance in Patient 3. A crucial observation is that the ventral
premotor and opercular, ventral and anterior prefrontal
cortices, important relay nodes for manipulation and
working memory processes during the task [Binkofski
et al., 1999; Stoeckel et al., 2003], were preserved. Thus,
and most important, the distinctive impairment of the sub-
function for kinaesthetic information processing described
above is clearly related to the specific processor in the pos-
terior parietal lobe.
The hypothesis-driven strategy employed here shows

some important differences to the exploratory strategies
generally used in lesion studies. Exploratory strategies
seek to identify a structure-functional relationship by try-
ing to find a common denominator of a large sample of
patients with brain lesions and the same behavioral deficit.
Generally, the patients have various deficits and their
lesions may affect a number of areas. To enhance the dis-
crimination power, control groups of patients without the
deficit in question, yet with lesions in similar areas of the
brain, i.e., large samples of reference brains, can be used
[Karnath et al., 2004; Rorden and Karnath, 2004]. The
resulting statistical parametric maps indicate the part of
the lesion most likely associated with the behavioral defi-
cit. In contrast, we follow an alternative proposal of the
international consortium for Brain Mapping, which explic-
itely proposed the collection of small samples of target
brains subject to detailed cytoarchitectural and chemoarch-
itectural analyses to form a very information-rich ultimate
dataset [Mazziotta et al., 2001]. We start from a working
hypothesis and compare the lesions to an atlas, namely the
cytoarchitecture derived from a sample of postmortem
brains. That enables us to investigate the lesions with
respect to not only what they have in common, but to the
subtle differences between individual lesions. The findings
confirm that different neural processes may subserve
somatosensory perception- and action-related information

processing. These two separate routes of tactile processing
have been elaborated recently by Dijkerman and de Haan
[2007], one projecting through the SII to the insula and
another terminating in the posterior parietal areas. Our
data substantiate this hypothesis of segregated paths for
perception-related information processing in SI and the
connected SII and action-related information processing in
the posterior parietal lobe. This assumption is confirmed
by the transformation of our functional imaging reference
data of healthy subjects into the common stereotaxic space
of the reference brain [Rorden and Karnath, 2004]: (i) the
activation field reflecting perception of kinaesthetic infor-
mation projects exactly onto the lesion in the superior pari-
etal lobule and the adjacent intraparietal sulcus of the
patients with impaired shape recognition [Stoeckel et al.,
2004] whereas (ii) the lesion common to those individuals
with impaired texture recognition projects onto the hand
area of the postcentral gyrus determined by the coordi-
nates reported by Boecker et al. [1995] in a somatosensory
activation task. The partition into parallel sensory informa-
tion processing is supported by the anatomic paths traced
in monkeys, in which most somatosensory information
from the thalamus enters the cerebral cortex through pro-
jections from the ventrobasal complex to SI, but small pro-
jections exist also between the anterior nucleus of the pul-
vinar and the lateral posterior nucleus to BA 5 [Jones
et al., 1979].
An important component of any lesion analysis is com-

pensation for interindividual variability, i.e., the transfor-
mation of different brains and their lesions into a common
reference space. The accuracy of the findings depends
directly on the extent to which differences in the size and
shape of the brains are compensated. Interactive techni-
ques have frequently been used to transfer lesions into a
common reference space. Fiez et al. [2000] used manual
techniques implemented in the BrainVox software pack-
age, relying on the ‘‘eyeball norm’’ to fit coronal slices.
Caviness et al. [2002] transformed their data sets to Talar-
aich space [Talairach and Tournoux, 1988], and parcellated
the lesion based on corresponding structures in the unaf-
fected hemisphere. Karnath et al. [2004; 2001] manually
drew the lesions on visually corresponding slices of the
reference brain using every eighth slice in the region of in-
terest. A major disadvantage of manual methods, however,
is the application of observer-dependent concepts in defin-
ing the correspondence of healthy and injured structures.
These methods, therefore, include a strong subjective
component.
Automatic alignment of brain data sets does not suffer

from this disadvantage. Yet, when the lesion is automati-
cally mapped into the reference space, the type of the
transformation plays a crucial role. Simple global linear
transformations account for differences in size, rotation,
and translation. The position of macroscopical features of
the brain such as sulci and gyri, however, can vary on the
order of centimeters among individuals. To accommodate
such differences, local nonlinear transformations are
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needed. Moreover, the presence of lesions necessitates
extension of standard methods to deal with the structural
distortion introduced by the lesion. Mort et al. [2003] used
a modification of the non-linear registration technique of
SPM (Statistical Parametric Mapping http://www.fil.ion.
ucl.ac.uk/spm/) toolbox [Brett et al., 2001], as did Karnath
et al. [2005] in a recent study. The method is quite similar
to our registration algorithm, but differs in two respects:
First, the modeling of the registration problem is different,
i.e., the constraints on the solution differ. Second, and
more importantly, our method computes a dense transfor-
mation at the resolution of the data set, i.e., a displacement
vector for each voxel implying 256 3 256 3 256 3 3
unknowns, whereas SPM, as applied by Karnath et al.
[2005] and Mort et al. [2004], only computes transforma-
tions with 8 3 8 3 9 coefficients. High spatial resolution is
a necessary prerequisite for the analysis of individual data
sets. The spatial resolution of the effect to be studied
depends on the spatial resolution of the transformation.
Although high spatial resolution of the transformation
would increase the discrimination power in group studies,
it plays a less important role there, since a common de-
nominator, not the evaluation of individual differences, is
sought. Lesion mapping using automated image registra-
tion has several limitations: (i) the computed transforma-
tion between the space of the subject’s brain and that of
the reference brain depends on structural correspondence
between both brains. Since a lesioned brain region, how-
ever, contains no information about the structure of the
brain, or it contains distorted information, structural corre-
spondence cannot be established for these regions. As a
consequence, the transformation must rely on information
from the transformation of the surrounding areas. When
lesions are manually transferred, the putative borders
between lesioned and non-lesioned tissue in the reference
brain constitute the new lesion contour. When automatic
registration algorithms with cost-function masking are
used, information about the transformation in the sur-
rounding area is continued into the region of the lesion
using smoothness constraints on the transformation. The
accuracy of the spatial localization within the lesion thus
decreases with the distance from its border, implying that
transformation of very large lesions cannot be performed
with high accuracy. In the present study, the lesions are
small and circumscribed, enabling an accurate comparison
with the cytoarchitectonic maps.

CONCLUSIONS

The superposition of brain lesions of three patients with
aperceptive tactile agnosia on cytoarchitectonic maps sup-
ports the hypothesis of the differential impairment of two
independent functional systems subserving somatosensory
discrimination in the microscopical and macroscopical do-
main. Normal function of these systems is the precondition
for the perception of surface characteristics and the shape

of objects. Circumscribed lesions that interfered with these
functions, were delineated as voxel masks, and the indi-
vidual brains and voxel masks were transformed into the
space of a common reference brain. Using a stereotaxic
cytoarchitectonic probabilistic atlas, the involvement of the
lesion was quantified with respect to cortical areas of the
postcentral gyrus and the intraparietal sulcus. The lesion-
function correlates are validated finally by the transforma-
tion of functional imaging reference data of healthy sub-
jects into the common stereotaxic space of the reference
brain. This opens the perspective of modeling lesions caus-
ing specific dysfunctions based on microstructurally
defined cortical areas.
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