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Allocating electromagnetic auditory responses to active regions in the human auditory cortex can be
difﬁcult because of high interindividual variability of the relevant structures. Location and orientation of
the primary auditory cortex (Heschl’s Gyrus) and the temporal plane vary with individual features such
as age, gender, handedness, or between healthy subjects and patients with a psychiatric disorder (e.g.,
schizophrenia). Here, we propose a reference coordinate system that considers the individual MRI-based
position, orientation and length of the primary auditory cortex to account for interindividual variability. Transformation of the M50 dipole localizations in this new HG-(Heschl’s-Gyrus)-coordinate system,
accomplished for 10 healthy subjects and 10 schizophrenia patients, conﬁrmed group difference more
precisely than other registration methods. We suggest to use the HG-coordinate system for localization
of functional measures and evaluation of brain activity differences between groups or measurement
conditions.

1. Introduction
The comparison of anatomical areas and functional activities
between individual human brains encounters the problem of the
high interindividual variability of brain structures. Three commonly used categories of methods to deal with this problem include
(a) the registration within a global intrinsic coordinate system
using, for instance, the anterior and posterior commissures (AC
and PC) as reference landmarks, (b) global normalization of individual data with reference to 3D brain volume (e.g., Talairach and
Tournoux, 1988; Evans et al., 1993; Friston et al., 1995), or (c) global
normalization with respect to gyral and sulcal patterns on the cortical surface (Thompson and Toga, 1996; Van Essen and Drury, 1997;
Van Essen et al., 1998; Fischl et al., 1999; Dickson et al., 2001).
All of these methods can be used to assign activity obtained from
functional magnetic resonance imaging (fMRI), electroencephalography (EEG) and magnetoencephalography (MEG) to anatomical
structures. (a) leads to more accurate results for anatomical structures near to the reference points (AC and PC) than for structures
more distant to the reference points or for structures that differ
in localizations between the hemispheres, such as the temporal
plane (planum temporale, PT). A major limitation of the volume
based registration methods (b) is that the average brain loses its
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representative surface structure by obscuring gyral and sulcal organization (Kang et al., 2004). The third group of methods (c) seeks
to consider the natural organization of the brain. Given that the
neurons of the human cerebral cortex are arranged in a densely
folded sheet forming the surface all over the brain the more natural modeling of the cortex should be a surface instead of 3D volume.
Although the surface is a good model of the human cerebral cortex
it is not necessarily suitable for intersubject comparisons of brain
activity modeled by a single equivalent current dipole using volume
conductor models with typically three spatial degrees of freedom.
Furthermore, the source localization inaccuracy due to the uncertainty pertaining to the inverse algorithm, a low signal to noise
ratio and a functional to structural dataset co-registration errors
can cause a dipole localization displacement up to few millimeter
in an arbitrary direction within the volume conductor model. The
projection of that error afﬂicted dipole localization on the cortical
surface can cause an additional error in the brain activity localization. Therefore, the surface-based co-registration methods are
more suitable for group comparison of cortical activity using distributed source models rather than single equivalent current dipole
models.
One common characteristic of all the methods linked above is
that they act in a global manner, i.e. they register entire brains with
all sulci and gyri. This can be considered a disadvantage if the goal
is to compare structures small in size and variable in position and
form such as Heschl’s Gyrus (HG). In that case methods based on
local landmarks and structures are required. Several approaches
have been published to locally compare auditory cortices. Among
these are surface-based (Kang et al., 2004), also local parcella-
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tion methods (Kim et al., 2000; Engel et al., 2009), volume based
automated HG extraction method (Tahmasebi et al., 2009) and nonlinear volume based registration of individual HG with a standard
brain’s HG (Viceic et al., 2009). All these methods are useful and
precise but they may not be the perfect choice for intersubject
comparison of functional activity modeled by single equivalent current dipole due to an error afﬂiction of the dipole localization and
the nonlinear error propagation caused by these methods. That is,
dipole localizations will always be subject to errors caused by e.g.,
low signal to noise ratio or uncertainty pertaining to the inverse
algorithm. Thus, the dipole ﬁt will likely be displaced from the true
source by a certain distance. Nonlinear transformation approaches
can augment this inherent localization error even further.
Precise mapping of functional activity is particularly important
when aiming to relate regional functional activity to speciﬁc group
characteristics, to curtail dysfunctional regions when comparing
speciﬁc patient groups, or to assess functional regional activity
between measurements within the same subject, for instance, as
a function of intervention.
Here a reference coordinate system is described that should
compensate for interindividual variability in the comparison of
structural and functional measures between and within subjects.
The coordinate system was developed and evaluated for Heschl’s
Gyrus (HG) as a crucial structure of the primary auditory cortex in
the human brain, which is located anterior to the PT and exhibits
hemispheric asymmetry. HG is extended more anterior in the right
than in the left hemisphere, this asymmetry varying (between
individuals) with handedness, gender, or age. Moreover, reduced
asymmetry has been reported in schizophrenia patients (Rossi et
al., 1992, 1994; Petty et al., 1995; Barta et al., 1997; Hirayasu et al.,
2000; Kasai et al., 2003). The proposed coordinate transformation
serves to account for this interindividual variance. It combines the
simplicity and speed performance of the linear with the high accuracy of the nonlinear registration methods. Its validity was probed
in the study of reduced hemispheric asymmetry in schizophrenia
patients compared to healthy subjects.
2. Materials and methods
2.1. Subjects
Structural magnetic resonance images and magnetoencephalographic data obtained from 10 healthy subjects (1 female, 23–29
years) and 10 inpatients meeting ICD-10 Classiﬁcation of Mental
and Behavioural Disorders of schizophrenia (F20.0, 1 female, 20–49
years) served for the development and testing of the HG-coordinate
system transformation. All subjects were informed about the measurement procedures and gave written consent.
2.2. Data acquisition
T1 weighted structural magnetic resonance images (MRI) were
obtained from each participant using a Philips Gyroscan 1.5 T magnet resonance imaging system (Philips Medical Systems, Gyroscan
ACS-T). The resolution of the MRIs was 256 × 256 × 200 voxels, with
200 slices covering the left-to-right direction. For identiﬁcation of
head orientation a marker was attached on the right cheek of every
subject before starting the MRI scan. For further analysis raw data
ﬁles were converted with the r2aGUI tool V.2.5.1 (Medical Center and Helmholtz Institute, Utrecht University, Netherlands) in
Neuroimaging Informatics Technology Initiative (NIfTI) format.
Functional activity of the auditory cortex was measured using
magnetoencephalography (MEG). MEG was recorded while the
subject was lying in a supine position, using a 148-channel magnetometer (MAGNESTM 2500 WH, 4D Neuroimaging, San Diego,
USA) inside a magnetically shielded room (MSR, Vacuumschmelze,

Hanau). Data were continuously recorded with a sampling rate of
678.17 Hz and a real bandpass ﬁlter of 0.1 to 200 Hz. For artifact
control, the vertical and horizontal electrooculogram (EOG) was
recorded from four electrodes placed near the left and right temporal canthus and above and below the right eye using a SynAmps
ampliﬁer (NEUROSCAN Laboratories, Sterling, VA, USA). The subject’s nasion, left and right ear canal, and headshape were digitized
with a Polhemus 3Space® Fasttrack prior to measurement. Subjects
passively listened to pairs of clicks following the standard pairedclick design for the assessment of M50 (Adler et al., 1982): 100 pairs
of 3 ms square-wave clicks were presented with a 500 ms offsetto-onset interval and an 8 s jittered inter-trial interval (offset to
onset). Clicks were presented at 50 dB above the subjective hearing
level, which was determined separately for each ear, and delivered
via plastic tubes to the subject within the shielded MEG recording chamber. Subjects had no task but were asked to keep their
eyes focused on a small ﬁxation point at the ceiling throughout the
measurement.
2.3. Data analysis
Source localization with Curry Software V.6 (Compumedics
Neuroscan USA Ltd.) was based on 68 sensors, 34 over the left and
34 over the right hemisphere, with the aim in mind to exclude
magnetic ﬁelds generated from non-auditory sources and consequently to increase the goodness of ﬁt for the source localizations.
Each 1500-ms epoch (beginning 500 ms before the ﬁrst click) was
referred to a 100-ms pre-stimulus interval. Epochs were ﬁltered
using functions with Gaussian shaped window slopes: high pass
frequency 5 Hz (lower edge frequency width 8 Hz) and low pass frequency 55 Hz (upper edge frequency width 11 Hz). Co-registration
of the MEG data with the individual MRI comprised two steps:
(1) the nasion point and the left and right auricular points (LA
and RA) were used for rough alignment; (2) the subject’s digitized
headshape was aligned to the headshape drawn from the MRI. A
three-layer boundary element model (BEM) generated for every
subject was served as volume conductor in the dipole ﬁt procedure
using two ﬁxed equivalent current dipoles with seed points in the
middle of the left and right HG. The M50 to the ﬁrst click was identiﬁed as the ﬁrst upward oriented dipole before the M100 in the time
interval 35–80 ms. The dipole with the best goodness of ﬁt within a
6-ms interval around the peak of the M50-wave was considered as
location of the M50 generator. Only dipole ﬁts with goodness of ﬁt
greater than 80% were considered as reliable. Dipole localizations
and orientations were determined for ACPC-aligned individual MRI
datasets.
2.4. Coordinate transformations
FMRIB Software Library (FSL) (FMRIB Analysis Group, Oxford,
UK) (Smith et al., 2004; Woolrich et al., 2009) was used for coordinate transformations. The new coordinate system based on the
individual Heschl’s Gyrus will be labeled HG-coordinate system.
Dipole localizations obtained from Curry V.6 software were superimposed to the transformed MRI datasets and localizations were
read out in millimeter-coordinates for further transformations.
The subsequent transformation into the HG-coordinate system
was constructed as follows.
The starting point for the transformation in HG-coordinate system is an ACPC-aligned MRI dataset. Using the axial plane touching
the superior edge of the AC and the inferior edge of the PC (XY-plane
in an ACPC-based coordinate system) a ﬁrst step to determine the
HG’s landmarks is to locate the most posterior point of the insula’s
gray matter at the border of the temporal lobe (Fig. 1, left).
Then, the sagittal plane is determined which is parallel to the
mid-sagittal plane and cuts the posterior point selected before
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Fig. 3. Heschl’s Gyrus coordinate system construction—Part 1. Step one (left) and
step two (right) for the construction of the HG-coordinate system. With these steps
the XY-plane of the new coordinate system is completely deﬁned.
Fig. 1. Landmarks deﬁnition—step 1. The ﬁrst step for the coordinate system definition is to determine the position of the right HG with respect to the reference
structures AC and PC.

(Fig. 1, left). In that sagittal plane the origin of the HG can be localized which extends transverse on the supratemporal plane (Fig. 1,
right).
After the identiﬁcation of the HG the most anterior and inferior
(labeled HG1) as well as the most posterior and inferior (labeled
HG2) points of the HG are located. Drawing ﬁrst a line connecting the points HG1 and HG2 and another line perpendicular to
the middle of that line allows to determine the point where this
perpendicular line crosses the superior edge of the HG and label
it as HG3. The middle of the distance between HG3 and the center of (HG1,HG2), labeled HG4, is deﬁned as the origin of the new
HG-based coordinate system (Fig. 2, left).
Furthermore the most distant point with respect to HG4 on the
most anterior convolution of the right HG is determined as HG5
(Fig. 2, right). Thereby, the landmarks needed for the deﬁnition of
the new coordinate system are completed.
The next step accomplishes the construction of the HGcoordinate system. Starting from the plane formed by the three
points HG1, HG2 and HG3, a line parallel to the (HG1,HG2)-line was
drawn to cross the HG4 point. The intersection of that line with the
anterior edge of the HG was labeled temporary point one (T1) and
the intersection with the posterior edge with temporary point two
(T2) (Fig. 3, left).
In the plane created by T1, T2 and HG5, a line perpendicular
to the line (HG4, HG5) that crossed the HG4 (Fig. 3, right) is used
as a Y-axis with a positive direction towards left anterior. The line
connecting HG4 with HG5 was chosen as an X-axis with positive
direction towards HG5. The Z-axis is chosen to be perpendicular to the XY-plane with positive superior direction (right-handed
coordinate system). The coordinate system for the left HG was chosen to be left handed with X-axis (HG4,HG5), Y-axis pointing in

Fig. 4. Heschl’s Gyrus coordinate system construction—Part 2. The construction of
the HG-coordinate system is complete. For the left HG the X-axis is pointing left
anterior, the Y-axis right anterior and Z-axis in superior direction (left handed coordinate system). The coordinate system for the right HG have switched X and Y axes,
hence, right-handed coordinate system.

right-anterior direction and Z-axis with positive superior direction
(Fig. 4).
An additional step for taking the length of the individual HGs
into account is to normalize with respect to the distance between
the points HG4 and HG5. Dividing the X-axis values with that normalization factor results in a HG’s length that is equal one for all
subjects and hemispheres. In order to get the length again in millimeter one has to multiply the X-axis values with a reference value.
Possible choices for such a reference value may be the mean value
over all subjects and hemispheres or the mean length over all subjects calculated separately for each hemisphere. In this paper the
ﬁrst method is used—the average over subjects and hemispheres
(mean length 36 mm).
The hypothesis of reducing the interindividual structural
variability by the HG transformation (HGT) was evaluated by comparing the distribution of a points chosen by a scientist naive
to the HGT, separately for each dataset, one point in the middle of the HG for each HG using the individual’s MRI dataset
in ACPC-coordinate system. Then, both methods, HGT and FNIRT
(FMRIB’s Nonlinear Image Registration Tool), were used with these

Fig. 2. Landmarks deﬁnition—step 2. HG4 has been chosen as an origin for the new coordinate system. HG5 was determined as the most right-lateral point on the anterior
convolution of HG.
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Table 1
Standard deviation comparison between HGT and FNIRT for the points chosen by a
naive rater.
Standard deviation of the chosen points (in mm)

Left

Right

0

Sdtizophrcuia Patients

•

ACPC

HGT

FNIRT

Left
Right

6.77
6.08

3.83
229

3.84
2.59

posterior direction (in ACPC-aligned MRJ) and transformed again
with both methods. The resulting points were compared with the
original point by measuring the Euclidean distance between the
new shifted points to the original ones (absolute error). Those procedure of shifting was repeated with 2, 3, and 4 mm. up to 15 mm
from the original point.

Right

Left

Transformation

Healthy Controls

Fig. 5. Average MSO dipole locations for both groups with FNIRT. Mean values of
MSO dipole localizations for schizophrenia patients and healthy controls after FNIRT
registration.

points with the standard deviation (SO) in three-dimensional space

(Jso; +so;+ SO~. where SOx. SOy. SOz are the standard deviations in one dimensional space for the axes X, Y and Z, respectively)
for each hemisphere as dispersion measure after the transformations.
Asymmetry of source localization between both groups in
all coordinate systems was analyzed with a repeated measures
ANOVA using group (controls, patients) as a between-group and
hemisphere (left, right) as a within-group factor. Validity of the
HGT for functional measures was demonstrated by comparing
the anterior-posterior asymmetry of the M50 response between
healthy control subjects and schizophrenia patients (Fig. 5).
At last error propagation for HGT and FNIRT is considered. A
point in the middle of the right HG was chosen in a single subject's
coordinate system based on the anterior and posterior commissures (ACPC-coordinate system) and transformed using both-HGT
and FNIRT. Then, the same point was shifted with 1 mm towards

3. Results
The SO for the points labeling the middle of each HG do not differ
between both methods-HGT and FNIRT. For the left hemisphere
the values are almost identical for both methods (Table 1, 3rd row).
For the right hemisphere results differ by 0.3 mm (advantage for
the HGT) (Table 1, 4th row). whereas both methods have a lower
SO than the ACPC-based alignment (Table 1, 2nd column).
Further results about the characteristics of the HGT were
demonstrated by asymmetry differences between schizophrenia
patients and healthy controls. In an ACPC-based coordinate system a significant interaction hemisphere x group (F(1 ,18) =5.76,
p<0.05) confirmed that M50 was localized more anterior in the
right than in the left hemisphere in controls (post hoc Fisher
LSO-test p=0.04), whereas the patient group did not show hemispheric differences in M50-localization (Table 2, 2nd column).
When transformed into the HG-coordinate system (Fig. 6), a significant interaction hemisphere x group (F( 1,18) = 8.23, p < 0.02)
confirmed not only hemispheric asymmetry in controls (post hoc
Fisher LSO-test: p < 0.03) but also indicated more posterior M50localization in the left hemisphere in controls compared to patients
(p< 0.02) (Table 2. 3rd column).
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Fig. 6. Average MSO dipole locations for both groups with HGT. Mean values of dipole localizations in HG-coordinate system for schizophrenia patients and healthy controls.
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Table2
p-value.s for the asymmetry in the different coordinate .sy.stem.s.
Statis tical group d ifferences in the dipole positions (p-values )
Transformation

ACPC

HGT

FNIRT

Inte raction
Patients vs. controls left
Controls left vs. controls right

0.03
0.11
0.04

0.01
0.02
0.02

0.01
0.03
O.Dl

Table3
Standard deviation for the dipole localizations for both methods- HGT and FNIRT.
Standard deviation of dipole localizations (in m m)
Transfor mation
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Fig. 7. Erro r propagation. Absolute error for HGT and FNIRT.

The interaction was confirmed also for FNIRT (F(1.18) =7.47,
p < 0.02). For between-group differences in the left hemisphe re
(post hoc Fisher LSD-test: p < 0.03) FNIRT resulted in higher p-value

compared to HGT(Table 2,4th row). FNIRTyielded better score than
HGT in the between hemispheres comparison for the controls (post
hoc Fisher LSD-test: p < 0.01) (Table 2. 5th row).
The SD ofthe dipole localizations for both hemispheres suggests
better results using HGT compared to FNIRT. The SD for the left
hemisphere in HGT was 1.5 mm smaller than the same in FNIRT,
for the right hemisphere HGT was better by 0.4mm than FNIRT
(Table 3).
In addition both methods differ in sensitivity for error afflicted
points (such points are e.g., dipole localizations). For HGT linear
relationship between the input error and the absolute error was
assessed in contrast to FNIRT, which provides a nonlinear increase
for points with more than 3 mm input error (Fig. 7).
4. Discussion
Development of a HG-coordinate transformation aimed to (a )
account for interindividual variability of structure. (b) relate functional activity to a reference structure and (c) improve the precision
of functional measures in the primary auditory cortex for group

comparisons. Resu lts indicate that the HG-coordinate transformation met the first aim. The dispersion in the HG-coordinate system
was considerably smaller than the one in the ACPC-coordinate system (Table 1, 2nd column). Comparison with FNIRT supported the
accuracy performance of the HG-coordinate system transformation
(Table 1, 3rd and 4th columns).
Moreover, the HG-coordinate system transformation allows the
assignment of functional measures to a specific structure. Being
entirely based on the position and orientation of the HG in the
individual brain, localization of functional measures (such as MSO)
in the HG-coordinate system can be assumed to reflect the function of this reference structure. The comparison ofMSO-asymmetry
between controls and schizophrenia patients in ACPC-coordinate
system did not allow a conclusion whether the differences in
asymmetry resulted from structural or functional differences.
Group-specific auditory source localization relative to the anterior commissure does not allow to assume activity in the HG. The
asymmetry of MSO-Iocalization may have resulted from structural
asymmetry, since the right HG in patients is located more posterior
relative to the AC compared to the right HG in controls. As a consequence the dipoles measuring their functional activity may have
varied. Differences in the auditory cortical activity map can only
be assumed after transformation of functional source localizations
into a coordinate system based on the brain structure contributing
to that function. In the present study comparison of asymmetry of
activity localizations after transformation into the HG-coordinate
system confirmed significant differences between healthy controls and schizophrenia patients. This indicates that the asymmetry
differences may depend not only on the anterior-posterior asymmetry of the HG. They also show differences in the functional map.
Moreover, transformation into the HG-coordinate system provided
information not manifest in the ACPC-coordinate system, in that
healthy subjects exhibit more posterior sources in the left hemisphere than patients. It should be noted, however, that structural
differences between schizophrenic patients and healthy control
participants may exist, but are transformed away by the HGT. Thus,
the finding that functional differences exist between patient groups
does not rule out anatomical group differences. The importance
of the current method lies in its ability to differentiate between
anatomical and functional group differences.
Another advantage of the HGT compared to FNIRT can be recognized by looking at the absolute error plot (Fig. 7) and the SD for the
dipole localizations (Table 3). All nonlinear approaches augment
the input error if it exceeds a certain amplitude (for FNIRT this limit
is 3 mm for a concrete MRI dataset). The same phenomenon is evident in the standard deviation of the dipole localizations in the left
hemisphere. A standard deviation value larger than 10 mm caused
a greater dispersion for the nonlinear approach ( here FNIRT) compared to HGT. Since single equivalent current dipole localizations
are always afflicted with errors due to inverse problem uncertainty,
low signal to noise ratio or subjects' movement during the measurement, it is likely that these errors increase additionally even more
when using nonlinear deformation methods.
Finally, the practicality of the method should be commented on.
As long as the MRI images are of good quality. identification of the
points needed for the HGT is straight forward after a short amount
of practice.
In sum, the present results clearly indicate the advantage of
referring functional measures to a coordinate system that is based
on the brain structure corresponding for that function. Considering st ructural variability increases sensitivity and, hence, validity
of functional analysis. Whereas this conclusion refers to functional
activity in the primary auditory cortex and a HG-based coordinate system, the present method and results may encourage the
development ofsimilar coordinate system transformation for other
cortical structures.
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