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Abstract: Human brain mapping allows the systematic assessment of interindividual differences in functional
brain anatomy. Functional transcranial Doppler sonography (fTCD) is an imaging tool that allows for fast and
mobile assessment of hemispheric lateralization of task-related brain activation. It is ideal to screen large
cohorts of subjects. The goal of the present study was to investigate whether fTCD and functional magnetic
resonance imaging (fMRI) determine hemispheric lateralization of brain activation related to visuospatial
attention concordantly. Used together, fMRI and fTCD may then open up a wide range of potential applica-
tions in neuroscience. Fifteen subjects were examined both with fTCD and fMRI while they judged accuracy
of line bisections (Landmark task). For fTCD, the maximal mean difference in stimulus-related relative cerebral
blood flow velocity changes in the left and right middle cerebral arteries was assessed as the lateralization
index LIfTCD. For fMRI, two approaches were used to determine hemispheric dominance. First, we measured
brain activity as the extent of the activated region, i.e., the number of activated voxels above a statistical
threshold. Second, we calculated the magnitude of the fMRI signal change between the activation and the
control task within a region of interest. Results of fTCD and fMRI were concordant in every single case.
Therefore, scanning large cohorts with fTCD for hemispheric dominance during Landmark task will provide
results consistent with fMRI. FMRI can then be used for in depth assessment of the specific patterns of
activation. Hum Brain Mapp 23:168–180, 2004. © 2004 Wiley-Liss, Inc.
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INTRODUCTION

Functional imaging has not only provided elaborate brain
activation maps, but has also increased awareness for the

variability in the relation between brain function and brain
structure. This variability is most striking for lateralized
brain functions. Neuroimaging and neuropsychological re-
search indicate that the left hemisphere is specialized for
language and the right for control of spatial attention in
most individuals [Bookheimer, 2002; Mesulam, 1999; Oje-
mann, 1991]. However, this is not an invariable principle.
There are occasional patients with aphasias after right hemi-
spheric lesions or with neglect after left hemispheric lesions
[Dronkers and Knight, 1989]. The same hemisphere can even
be dominant in control of both language and spatial atten-
tion [Alexander and Annett 1996; Fischer et al., 1991; Osmon
et al., 1998; Trojano et al., 1994].

In the past decade, a considerable body of data has been
collected on the variability of the language system. It has
been established that language can be produced and per-
ceived by predominantly the left hemisphere, predomi-
nantly the right one, or by both hemispheres, unrelated to
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gender or linguistic performance [Frost et al., 1999; Knecht et
al., 2000a, 2001; Pujol et al., 1999].

Unlike language, little is known about the lateralization of
the neural substrate that underlies shifting of attention. Up
to now, it is neither known how the hemispheric dominance
for attention varies in the general population, nor how
strongly the extent of lateralization varies. By providing
information on the differences between individuals in brain
activation, functional imaging helps constrain theories about
the variable brain–behavior relationship.

One way of obtaining a broader view on the variability of
attention related functional brain lateralization is the use of
functional transcranial Doppler sonography (fTCD) [for an
in-depth review of the technique, see Deppe et al., 2003].
FTCD compares stimulus-related blood flow velocity in-
creases within the vascular territories of cerebral arteries and
allows for determination of the hemispheric dominance for
a cognitive function. FTCD is noninvasive and cost–effec-
tive. It is an easily applicable and mobile technique allowing
for the determination of lateralization of a cognitive function
in large series of subjects. Therefore, fTCD has been success-
ful in determining the distribution of language lateralization
in the general population [Knecht et al. 2000a,b]. In a similar
vein, fTCD should be capable to contribute to the under-
standing of spatial attention.

However, the spatial resolution of fTCD is limited to the
vascular territory of the insonated artery. Ideally, fTCD should
be complemented by other non-invasive functional imaging
techniques with high spatial resolution, e.g., functional mag-
netic resonance imaging (fMRI). Functional MRI is particularly
helpful in imaging spatially localized brain tissue oxygenation
changes. However, this technique has its own unique set of
problems, limiting its general applicability to subjects able to lie
still in the scanner for an extended period of time and cooper-
ate adequately with the cognitive task.

The goal of the present study was to investigate whether
fTCD and fMRI determine hemispheric dominance of brain
activation related to visuospatial attention concordantly.
Therefore, we directly compared fTCD with fMRI for deter-
mination of lateralization of brain activation in 15 healthy
volunteers during the Landmark task. This task is based on
a frequently used visuospatial neglect task, in which subjects
had to decide whether a pretransected line is divided in the
exact center, or slightly to the right or left of the center
[Harvey et al., 1995]. We assessed whether the hemisphere
dominant for the Landmark activation is concordantly de-
termined by both techniques.

SUBJECTS AND METHODS

Subjects

Fifteen healthy volunteers (7 men; age 24–30 years, mean
age: 26 years) participated in the study. All subjects had
completed the equivalent of a high school degree (“Gymna-
sium”). Nine of the volunteers were right handed and six
were left handed by the Edinburgh handedness inventory
[Oldfield, 1971]. None had a serious history of medical,

neurological or psychiatric illnesses, brain pathology, or ab-
normal brain morphology on T1-weighted MR images. All
subjects gave their written informed consent prior to partic-
ipation.

Based on their language dominance, subjects were se-
lected from a cohort of 326 healthy volunteers previously
assessed for language dominance by fTCD [Knecht et al.
2000a,b]. One third of the subjects had an atypical right-
hemisphere representation for language. This was done so
as to increase the possibility to also include subjects with an
atypical left-hemisphere representation for spatial attention.

Paradigm

For the purpose of functional imaging studies, hemi-
spheric lateralization for attention may be assessed in a
number of ways [for review, see Cabeza and Nyberg 2000].
In the present study, we chose to examine lateralization for
spatial attention by the Landmark task. Subjects had to
decide whether pretransected horizontal lines were correctly
bisected (Fig. 1). Although this task is not without criticism
[Ferber and Karnath 2001], it was chosen because it corre-
sponds to deficits frequently encountered in patients suffer-
ing from visuospatial neglect after stroke [Harvey et al. 1995;
Heilman, 1997; Marshall 1998; Mesulam, 1999]. The Land-
mark task allows for robust brain activation amenable to
assessment by perfusion sensitive functional imaging [Fink
et al., 2000, 2001; Floel et al., 2001, 2002].

Functional Transcranial Doppler Ultrasonography

Experimental design

Five seconds after a cueing tone, a horizontal line was
presented for 10 s on a computer screen (visual angle 9.3°).

Figure 1.
Paradigm design. a: Activation task. Subjects were presented with
a horizontal line, bisected by a vertical line either in the exact
middle or slightly deviating to the left or the right. They had to
decide where the horizontal line was bisected. b: Control task
(fMRI only). As in the activation task, a horizontal line was shown,
together with a waveform shaped line. Subjects had to decide
whether the line was overlapping with, above or below the hori-
zontal line.
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A vertical line bisected the horizontal line either in the exact
middle or slightly deviating to the left or the right (Fig. 1a).
Subjects silently decided where the horizontal line was bi-
sected. Task compliance was ensured by having subjects
report the decision verbally (middle, left, or right) after
another auditory signal, following the presentation of the
bisected line. A third auditory signal, 5 s later, marked the
beginning of a resting condition, which lasted 20 s and
during which subjects were instructed to imagine a night
sky. The next Landmark task was presented in the same
way. Twenty epochs were recorded in total.

FTCD data acquisition

Using a commercially available 2-MHz transcranial Dopp-
ler ultrasonography device (Multidop T; DWL Sipplingen,
Germany) the blood flow velocities within both MCAs were
measured continuously (Fig. 2A,B). Details of the technique,
especially the identification of the MCAs, are described else-
where [Ringelstein et al., 1990]. The spectral envelope curves
of the Doppler signal were stored for offline analysis.

FTCD data analysis

Analysis was performed using the software package AV-
ERAGE [Deppe et al., 1997]. After automatic artefact rejec-
tion, like probe displacement, data were integrated over the
corresponding cardiac cycles, segmented into epochs that
related to the first cueing tone and averaged (Fig. 2C). The
mean velocity in the 15-s precueing interval (Vpre.mean) was
taken as a baseline value. The relative CBFV changes (dV)
were calculated by the formula

dV � 100 �
V�t� � Vpre.mean

Vpre.mean

where V(t) is the CBFV over time and Vpre.mean the mean
velocity in the pre-cueing interval.

Differences in the velocity between both MCAs were sta-
tistically analyzed using the Wilcoxon test for each sample
point. (See Figure 4 for examples of dV change related to
visuospatial attention.)

Functional Magnetic Resonance Imaging

Experimental design

Five seconds after a short colour change (duration 0.5 s),
subjects were presented with a horizontal line for 5 s on a
computer screen (visual angle 9.3°). The horizontal line was
either bisected by a vertical line in the exact middle or
slightly deviating to the left or the right (Landmark task) or
presented together with a waveform-shaped line (control
task) (Fig. 1). Subjects silently decided where the horizontal
line was bisected (Landmark task) and where the waveform-
shaped line was presented (control task), respectively. After
this period, subjects were instructed to report their decision
by pressing corresponding buttons on a response pad with
both hands. After 2 s, another colour change marked the

beginning of the next epoch. Six Landmark tasks were fol-
lowed by six control tasks. This sequence was repeated
seven times.

MRI data acquisition

All MRI data were acquired on a neuro-optimized GE 1.5T
whole body scanner equipped with a standard circular po-
larized head coil. Functional images were acquired using a
T2* weighted gradient echo EPI sequence (TE � 40 ms, TR
� 2 s, flip angle 90°, slice thickness 7 mm, 1 mm gap, matrix
64 � 64, FOV 200 mm, in-plane resolution 3.125 � 3.125
mm). Sixteen axial slices orientated parallel to the AC–PC
line covering the whole head were taken. Additional high-
resolution T1 weighted anatomical images were acquired
(TE � 8 ms, TR � 24 ms, flip angle 30°, matrix 256 � 256,
FOV 250 mm, 124 sagittal slices, slice thickness 1.5 mm).

MRI data analysis

SPM99 (available online at http://www.fil.ion.ucl.ac.uk/
spm) was used for realignment, normalization, smoothing,
and statistical analysis to create statistical parametric maps
of significant relative regional BOLD response changes [Fris-
ton et al., 1995].

The first five images of each session, during which the MR
signal reaches a steady state, were discarded. The remaining
scans of each individual were realigned to the first image
(corresponding to the sixth acquired image of the time se-
ries) to correct for movement artifacts. Sinc interpolation
was used in the transformation. A mean functional image
volume was constructed for each subject from the realigned
images and co-registered with the anatomical image. The
functional images were normalized to a template brain im-
age created by the Montreal Neurological Institute (MNI)
[Evans et al., 1994]. The coregistered anatomical image was
used to determine the parameters for the spatial normaliza-
tion process [Friston et al., 1995]. The resulting pixel size in
standard stereotactic coordinates was 2 � 2 � 2 mm3. The
normalized images were smoothed using an isotropic
Gaussian kernel (FWHM 6 mm).

The time series was filtered with the hrf as lowpass filter.
Statistical analysis was performed on individual data. The
experimental conditions (Landmark task, control task) were
modeled using a boxcar function convolved with a hemo-
dynamic response function (hrf) [Friston et al., 1994]. Fitting
this boxcar function to the time series at each voxel results in
a parameter estimate image. This image indicates how
strongly the waveform fits to the fMRI data at each voxel. By
dividing the parameter estimate by its standard error, the
parameter estimate image is converted to a t-statistic image.
These t-statistics constitute a statistical parametric map
(SPM) and can be interpreted by referring to the probabilis-
tic behavior of Gaussian random fields.

Determination of Hemispheric Dominance

Calculation of LIfTCD

The LIfTCD was computed by
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Figure 2.
Collection and analysis of CBFV changes measured by fTCD during the Landmark task. A: The territory of both MCAs marked in red.
B: The collection of relative CBFV changes during individual repetition of task (n�20). C: The relative CBFV changes of the left and right
MCA after off-line analysis by AVERAGE. D: The calculation of the LIfTCD during the Landmark task: after subtraction of averaged
relative CBFV changes in the right from the left MCA (dVl–dVr), the maximum was taken and integrated over a period of 2 s during
the interval of 10 to 20 s after the cueing tone.
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LIfTCD �
1

tint
�

tmax�0.5tint

tmax�0.5tint

�V�t�dt,

where

�V�t� � dV�t�left � dV�t�right

is the difference between the relative CBFV changes in the
left and right MCA (Fig. 2D). The time point tmax repre-

sents the latency of the absolute maximum of �V(t) within
the activation interval (10 –20 s). As integration interval, a
time period of tint � 2 s was chosen. A positive value of
the LIfTCD indicates left hemispheric processing for spatial
attention; a negative value stands for right hemisphere
dominance. The magnitude represents the degree of lat-
eralization. The accuracy of the LIfTCD of each individual
is determined by its stochastically estimated confidence
interval. A graphic illustration of the LIfTCD is given in
Figure 2D.

Figure 3.
Graphic depiction of the functionally de-
fined ROIs.

Figure 4.
fMRI and fTCD results of two representative subjects. Top: fMRI
activation pattern for representative subjects with typical right
hemispheric (Subject 06) and atypical left hemispheric (Subject 14)
dominance for spatial attention. Depicted are relative increases in
neural activity associated with the Landmark task relative to the
control task. Activations are rendered on the surface of the

standard SPM99-template (pvoxel � 0.001, pcluster � 0.05, cor-
rected for multiple comparisons). Bottom: fTCD lateralization
pattern. The green curve represents the relative CBFV difference
between the right (red) and left (blue) MCA during the line
bisectioning task. The red bar illustrates the fTCD lateralization
index, calculated within the predefined “period of interest” (POI).
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Calculation of LIfMRI

How to best calculate the laterality index for fMRI is still
a matter of considerable debate. Typically, two approaches
have been taken in fMRI studies. The first is to measure
brain activity based on the extent of the activated brain
region, i.e., the number of active voxel in a predefined region
of interest (ROI) at a chosen statistical threshold [Binder et
al., 1996; Desmond et al., 1995; Deppe et al., 2000]. The
second is to measure the magnitude of the fMRI signal
change within a region of interest [Adcock et al., 2003;
Cohen and DuBois, 1999]. The choice of the methods may
significantly influence the laterality index. Therefore, we
investigated both methods of quantifying brain activity in
order to assess the best way to determine the hemispheric
lateralization.

For fMRI, a lateralization index was calculated by the
formula

LIfMRI �
AL � AR

AL � AR
,

where AL and AR refer to measures of fMRI-measured ac-
tivity for equal regions of interest (ROI) within the left (L)
and right (R) hemispheres. According to the definition of
LIfTCD a positive value of the LIfMRI represents left-hemi-
sphere dominance for spatial attention; a negative value
represents right-hemisphere dominance. We chose to assess
three different approaches, similar to the proceedings of
Adcock et al. [2003].

1. AL and AR were calculated by the volume of signifi-
cantly activated brain, above a given statistical thresh-
old Pvoxel and achieving a cluster significance threshold
of Pcluster � 0.05 (corrected for multiple comparisons)
in a large, anatomically defined ROI, including all ce-
rebral regions within one hemisphere and excluding
the cerebellum. To assess the effect of the statistical
threshold Pvoxel, the laterality index was calculated for
a range of statistical thresholds (P � 10–2 to P � 10–7).
The lower limit (P � 0.01) is a common statistical
threshold in many fMRI studies, the upper limit (P
� 0.0000001) was higher than is conventionally chosen.

2. Spatial attention is a distributed function in the brain. It
is subserved by a large-scale neurocognitive network,
with cortical epicentres located in the parietal and fron-
tal cortex [Fink et al., 2000, 2001; Mesulam, 1999]. Re-
gions within this network might show different extents
of lateralization. Therefore, we calculated separate in-
dices of laterality for the frontal and the parietal region.
A ROI was derived from those voxels that were active
(at Pvoxel � 0.01 and Pcluster � 0.05, corrected for mul-
tiple comparisons) in at least 70% of the subjects with
the typical pattern of lateralization (language left, spa-
tial attention right). Those commonly activated regions
were predominantly right hemispheric (Fig. 3). A cor-

responding left hemispheric ROI was generated that
was homologous to that of the right hemisphere by
reflection of the right hemispheric ROI through the
midline. As in approach 1, the measure of activity was
based on the volume of significantly activated brain
applying the same statistical thresholds.

3. AL and AR were based on the magnitude of task-
induced mean signal intensity change within the same
functionally defined ROI as described in 2. No choice of
threshold is involved in calculating these indices.

The fMRT-laterality indices derived from the extent of
significant activity within anatomical and functional ROIs
(approach 1 and 2) are labelled LIext,anat and LIext,func, re-
spectively. The laterality indices derived from the magni-
tude of the mean signal change within the functional ROI
(approach 3 is labelled LImag,func).

RESULTS

FTCD

During the Landmark task interval, fTCD established in all
subjects significant differences between CBFV in the MCAs (P
� 0.05, Wilcoxon test). Averaged perfusion differences of two
representative subjects are shown in Figure 4. In 12 subjects,
lateralization was to the right, and in three subjects, it was to
the left side (Table I).

fMRI

Functional MRI analysis showed that the Landmark task
activates a large neurocognitive network. The main activation
centers are located in the anterior cingulate cortex (BA 24/32),
the lateral parietal cortex (BA 7/40), and the fronto-temporal
cortex (BA 45/10). Activation pattern of two representative

TABLE I. fTCD results: laterality index LIfTCD and
hemispheric dominance

Subject
ID LIfTCD

Hemispheric
dominance

01 �4.1 	 0.6 R
02 �3.6 	 0.8 R
03 �1.7 	 0.6 R
04 �5.5 	 0.5 R
05 �3.2 	 0.8 R
06 �4.4 	 0.7 R
07 �4.8 	 0.4 R
08 �5.5 	 0.7 R
09 �4.5 	 0.5 R
10 �3.6 	 0.9 R
11 �2.9 	 0.7 R
12 �3.2 	 0.5 R
13 4.0 	 0.9 L
14 0.9 	 0.4 L
15 3.8 	 0.9 L
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subjects with right and left hemispheric dominance for spatial
attention, respectively, are provided in Figure 4.

The laterality indices for all subjects are summarized in
Tables II–IV. In all but three subjects, hemispheric domi-
nance could be determined unambiguously, independent of
the chosen approach. Hemispheric dominance is at first
view rather ambiguous for subjects 02, 13, and 15.

FTCD and fMRI in Comparison

FTCD and fMRI results are summarized in Figure 5. The
fTCD and fMRI examinations were unambiguously concor-
dant in 12 of 15 cases in determining the hemisphere dom-
inant for spatial attention. For three subjects, fMRI results
indicated at first view an ambiguous hemispheric domi-
nance, depending on the chosen approach. These discrepan-
cies will be explained in the following by a more detailed
analysis of their activation pattern.

Case 1: subject 02

Based on LIext,anat, subject 02 is classified as right-hemi-
sphere dominant. This is supported by LIext,func, indicating
right-hemisphere dominance for both the frontal and the pari-
etal ROI (see activation pattern in Fig. 6). In contrast, LImag,func

suggests left-hemisphere dominance for the frontal ROI.
Implicit assumption for the calculation of laterality indices

based on signal changes is that one deals with activations.
This is clearly the case for, e.g., word generation tasks,
where there is activation in Broca’s area as well as in its
homologue [Adcock et al., 2003]. This assumption was not
met in our study. In five subjects there was a deactivation in
at least one of the ROIs in the subdominant hemisphere, i.e.,

there was stronger activation in the control task than in the
actual activation task. At best, this led to laterality indices
greater than 1 (Subjects 04, 11, 15, 16) (Table III), at worst,
when the deactivation is greater than the activation, this led
to a reversal of laterality (Subject 02). For this subject, the
laterality index based on the magnitude of the mean signal
intensity change does not describe “true” hemispheric dom-
inance (Fig. 6, left). Subject 02 is clearly right-hemisphere
dominant for spatial attention. Therefore, fTCD and fMRI
results are concordant in this case as well.

Case 2: subject 13

For subject 13, LIext,func and LImag,func indicate clear left-
hemisphere dominance for spatial attention; however,
LImag,func does reflect a rather ambiguous hemispheric dom-
inance. At low thresholds, it indicates left-hemisphere dom-
inance and at high thresholds right-hemisphere dominance.
This discrepancy can be explained by a more detailed anal-
ysis of the activation pattern (Fig. 6, right). The majority of the
activation centres is located in the left hemisphere, while the
most significant activated cluster is in the right fronto-temporal
cortex, a bit apart from the functional defined ROIs. There-
fore, Subject 13 has at low thresholds more activated brain
volume in the left hemisphere. At high thresholds, only the
most significant activated cluster survives, now indicating
right hemispheric dominance.

One might consider this subject as being right hemisphere
dominant, because the most significant activated brain re-
gion is in the right hemisphere. Nevertheless, the majority of
the activation centres is located on the left side. While the
fMRI activation pattern is severely influenced by the chosen

TABLE II. fMRT results: Laterality index based on the extent of activation (LIext,anat), using the number
of voxels in a large, anatomically defined ROI (including the cerebrum and excluding

the cerebellum) for a range of statistical thresholds pvoxel

Subject
ID

LIext,anat Hemispheric
dominance10�2 10�3 10�4 10�5 10�6 10�7

01 �0.3 �0.5 �0.6 �0.7 �0.8 �0.8 R
02 �0.4 �0.8 �1 �1 �1 �1 R
03 �1 �1 �1 n.s. n.s. n.s. R
04 �0.6 �0.6 �1 �1 �1 �1 R
05 �1 �1 �1 �1 �1 �1 R
06 �0.3 �0.5 �0.6 �0.6 �0.6 �0.8 R
07 �0.3 �0.4 �0.5 �0.5 �0.5 �0.6 R
08 �0.7 �0.7 �0.8 �1 �1 �1 R
09 �0.6 �0.8 �0.9 �0.9 �1 �1 R
10 �0.8 �1 �1 �1 �1 �1 R
11 �0.2 �0.3 �0.5 �1 �1 n.s. R
12 �0.1 �0.2 �0.3 �0.3 �0.4 �0.4 R
13 0.1 0.2 0.3 0.1 �0.1 �0.2 —
14 0.2 0.6 0.7 0.8 1 1 L
15 0.2 0.3 0.4 0.4 0.5 0.6 L

Values are expressed as Pvoxel.
n.s., no significant activation
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statistical threshold, fTCD is more concerned about CBFV
changes, and they do not disappear by applying rigid
thresholds. Therefore, also in this case fMRT and fTCD
results must be considered as concordant.

Case 3: subject 15

Based on LIext,anat and LImag,func, Subject 15 is clearly
classified as left-hemisphere dominant. This is illustrated in
Figure 7, where the activation in the left hemisphere is more
extended than in the right hemisphere. However, LIext,func

indicates an ambiguous hemispheric dominance for the pa-
rietal ROI. Subject 15 shows at high statistical thresholds left
hemispheric dominance, but is classified at more liberal
thresholds as rather bilateral or right hemisphere dominant.
The extent of activation in the parietal cortex is more or less
evenly distributed over the hemispheres, although the more
significant activation is located in the left hemisphere. Nev-

ertheless, the right hemispheric activation “fits better” to the
functionally defined ROI, whereas the left hemispheric acti-
vation is a bit out of place. Thus, LIext,func indicates at liberal
statistical thresholds right hemispheric dominance.

Though spatial-attention is a distributed function in the
brain, its distribution is selective, and regions within its
network may show different extents of lateralization. Lump-
ing all regions into one lateralization index might lead to a
“messy” measure, unlikely to reflect any systematic pattern
of lateralization in the key participating brain regions.
Therefore, LIext,func might be better suited to describe the
hemispheric lateralization regarding spatial attention itself.
Nevertheless, fTCD is not just restricted to specific attention-
related brain regions, but measures CBFV changes over the
whole vascular territory of the insonated artery. Therefore,
for a formal comparison between both techniques, LIext,anat

is better suited to describe hemispheric dominance. From

TABLE III. fMRT results: laterality index based on the extent of activation (LIext,func), using the number
of voxels in the most significantly activated brain regions in the frontal (ROIfrontal) and parietal (ROIparietal)

cortex for a range of statistical thresholds pvoxel

Subject ID

pvoxel Hemispheric
dominance10�2 10�3 10�4 10�5 10�6 10�7

LIext,func (ROIfrontal)
01 �0.4 �0.4 �0.4 �0.4 �0.4 �0.4 R
02 �1 �0.9 �1 �1 �1 n.s. R
03 �1 �1 �1 n.s. n.s. n.s. R
04 �1 �1 �1 n.s. n.s. n.s. R
05 �1 �1 �1 �1 �1 �1 R
06 �0.9 �1 �1 �1 �1 �1 R
07 �0.7 �0.9 �1 �1 �1 �1 R
08 �1 �1 �1 �1 �1 �1 R
09 �1 �1 �1 �1 �1 �1 R
10 �1 �1 n.s. n.s. n.s. n.s. R
11 �0.8 �0.8 n.s. n.s. n.s. n.s. R
12 �0.2 �0.2 �0.3 �0.4 �0.5 �0.5 R
13 1 1 1 1 1 n.s. L
14 0.0 0.1 0.3 0.6 0.9 1 L
15 0.6 0.9 1 1 1 1 L

LIext,func (ROIparietal)
01 �0.6 �0.9 �1 �1 �1 �1 R
02 �1 �1 n.s. n.s. n.s. n.s. R
03 �1 �1 n.s. n.s. n.s. n.s. R
04 �1 �1 n.s. n.s. n.s. n.s. R
05 �1 �1 �1 �1 �1 n.s. R
06 �1 �1 �1 n.s. n.s. n.s. R
07 �1 �1 �1 �1 �1 �1 R
08 �1 �1 �1 �1 �1 n.s. R
09 �0.8 �1 �1 �1 �1 n.s. R
10 �1 �1 n.s. n.s. n.s. n.s. R
11 �0.4 �0.8 �1 �1 n.s. n.s. R
12 0.0 0.0 0.0 0.0 0.0 0.0 Bilateral
13 1 1 1 1 n.s. n.s. L
14 0.0 0.0 0.2 0.7 1 1 L
15 0.0 �0.1 �0.2 �0.4 0.4 1 —

n.s., no significant activation in left and right ROI
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this viewpoint, Subject 15 must be considered as left-hemi-
sphere dominant, in accordance with the fTCD results.

Taken together, fTCD and fMRI provide concordant re-
sults about the hemispheric dominance of spatial attention
in every single case.

DISCUSSION

FTCD and fMRI examinations provided concordant infor-
mation in the assessment of hemispheric dominance for
spatial attention in every single case. In three cases, how-
ever, hemispheric dominance could not be determined un-
ambiguously by fMRI using standard calculation methods
for hemispheric dominance. A more detailed analysis of
their respective activation pattern had to be performed to
assess hemispheric dominance properly.

Properties of fTCD

Analysis of cerebral functional lateralization by fTCD, as
performed by AVERAGE, constitutes a fully automated pro-
cedure and does not depend on arbitrary or adjustable pa-
rameters. Particularly, the quantitative measures obtained
by fTCD are not biased by defining variable statistical
thresholds. For a language task as well as for the Landmark
task, fTCD has been shown to provide highly reproducible
results over repeated measurements [Floel et al., 2002;
Knecht et al., 1998b]. Therefore, for the purpose of this
study, hemispheric dominance as determined by fTCD was
considered the “gold standard.”

In a number of previous studies, it has been demonstrated
that blood flow increases in the middle cerebral arteries
associated with word generation allow for calculation of an
index of language lateralization that correlates closely with

data from the amobarbital procedure and from fMRI
[Knecht et al., 1998a; Knake et al., 2003; Rihs et al., 1999].
Intermethod validation between fTCD and fMRI has already
been conducted for the assessment of hemispheric lateral-
ization for language [Deppe et al., 2000]. Intermethod vali-
dation between fTCD and the Wada procedure [Wada and
Rasmussen, 1960] has not been conducted so far for atten-
tional lateralization. However, the validity of fTCD for mea-
suring another lateralized function, assessed with a similar
overall paradigm [Knecht et al., 1998a], strongly suggests
that fTCD is not only reliable but also valid in assessing
hemispheric dominance for attention.

Properties of fMRI

As opposed to fTCD, fMRI has a high spatial resolution.
For a comparison of both techniques, fMRI data have to be
collapsed into an index, LIfMRI, that also describes both
hemispheric dominance and the degree of lateralization.
There are several approaches to quantify brain activity from
the fMRI data in order to describe hemispheric dominance.
Typically, two approaches have been taken in fMRI studies.
The first is to measure brain activity by the extent of the
activated region, i.e., the number of activated voxels above a
statistical threshold (LIext,anat, LIext,func). The second is to
measure the magnitude of the fMRI signal change between
two tasks within a region of interest (LImag,func).

For a long time, the most popular approach in practice has
been to count the number of voxels in a ROI (LIext,anat,
LIext,func) [Binder et al., 1996; Deppe et al., 2000; Lehericy et
al., 2000]. A serious drawback of this measure is its depen-
dence on the (arbitrarily chosen) statistical threshold. At low
thresholds (high P values), the occurrence of false positive
voxels in both hemispheres leads typically to a bilateral
activation pattern, moving LI towards zero. At higher
thresholds (low P values) the number of active voxels de-
creases, false-positive voxels as well as “truly” activated
voxels are excluded. LI approaches 	 1. Furthermore, for a
language task, a number of recent studies showed that the
reproducibility of this measure (with respect to the degree of
lateralization, not the hemispheric dominance) is relatively
poor [Adcock et al., 2003; Cohen and DuBois, 1999; Nagata
et al., 2001; Ramsey et al., 2001; Rutten et al., 2002].

There have been several attempts to assess fMRI activa-
tion magnitudes to describe hemispheric dominance readily
across trials. One approach has been to combine several
different activation tasks. This approach is geared toward
identifying brain regions that are generically involved in a
cognitive function rather than regions that are specific to a
single task. For a language task it has been shown that this
method allows assessment of language lateralization with
some variation of tasks and statistical thresholding, but also
yields reliable and reproducible results [Ramsey et al., 2001;
Rutten et al., 2002]. In our case, the combination of several
spatial attention-related tasks was not implementable. We
are interested in using fTCD as a screening method, which
means fTCD must be reliable and fast. The use of several
different tasks would be too time consuming.

TABLE IV. fMRT results: Laterality index based on the
magnitude of the mean signal intensity change in the

most significantly activated brain regions in the frontal
(ROIfrontal) and parietal (ROIparietal) cortex

Subject
ID

LImag,func Hemispheric
dominanceROIfrontal ROIparietal

01 �0.4 �0.6 R
02 7.3 �2.4 —
03 0.0 �0.5 Bilateral/R
04 �0.6 �1.5 R
05 �0.6 �0.8 R
06 �0.5 �0.5 R
07 �0.6 �1.2 R
08 �0.3 �0.3 R
09 �0.3 �0.6 R
10 �1.4 �0.2 R
11 �0.1 �0.1 R
12 �0.4 0.0 R/Bilateral
13 1.1 1.8 L
14 0.0 0.2 Bilateral/L
15 0.3 0.1 L
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A yet different method was to calculate the laterality
index by the magnitude of the fMRI signal change between
two tasks within a region of interest (LImag,func). Although
this method has been shown to produce more robust and
reproducible results in other studies using a word genera-
tion paradigm [Adcock et al., 2003] or visual and motor tasks
[Cohen and DuBois,1999], it proved to be not fully appro-
priate in the present study. It proved that there has to be
activation in both the left- and right-hemispheric ROI. If a
subject has deactivation in the subdominant hemisphere, i.e.,
stronger activation in the control task than in the activation
task, indices of laterality become 	1 and thus not interpret-
able at best. If the deactivation in the subdominant hemi-
sphere is even higher than the activation in the dominant
hemisphere, this approach leads even to a reversal of the
sign of the laterality index, therefore producing a misleading
hemispheric dominance.

Taken together, the present data suggest that for a de-
scription of hemispheric dominance of a cognitive function
in fMRI, an index of laterality that is based on just one

method of calculation is not always sufficient to describe the
“true” pattern of lateralization. It might be necessary to
apply different evaluation strategies, combined with a care-
ful and detailed analysis of the specific activation pattern.

Application Fields of fTCD

Used together, fMRI and fTCD may open up a wide range
of application in neuroscience. One important question is
how the brain organizes in the case of atypical lateralization
of a cognitive function. For language, a recent fMRI study
showed that in atypical, right-hemisphere language domi-
nance, there is a mirror reverse pattern without discongru-
encies of activation in right- as compared with left-hemi-
sphere dominant subjects for a task of phonetic word
generation [Knecht et al., 2003]. It is not known if this is a
general principle of brain organization, holding true for all
cognitive functions, or is just valid for language. The answer
to this question will not only advance our knowledge about
the constraints underlying brain organization, but will also

Figure 5.
Summary of results: Hemispheric dominance as determined by
fTCD and fMRI. The latter was determined using three different
methods (LIext.anat, LIext.func, LImag.func). In all but three subjects,
hemispheric dominance could be determined unambiguously by

both methods. In the remaining three cases, fMRT data indicated
an ambiguous hemispheric dominance. As discussed in the text,
fTCD and fMRT nevertheless provide concordant information
about hemispheric dominance for spatial attention.
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be of clinical relevance. Differences in the extent of atten-
tional lateralization might cause differences in susceptibility
to attentional deficits after a unihemispheric lesion, similar
to what is known about the language system [Knecht et al.,
2002]. It is also unknown how the presence of two, normally
in different hemispheres residing cognitive functions affect
each other. For example, atypical right-hemisphere lateral-
ization of language may interact with “normally” right
hemispheric lateralized processes like attention, leading to
increased recruitment of left hemispheric areas in attentional
processing.

The question then arises how to recruit subjects with an
atypical lateralization. Functional MRI investigations are
costly and time consuming. Unlike fTCD measurements,
they are not suited to study large cohorts of subjects to
screen for subjects with atypical lateralization. Ideally, fTCD
can be used to screen large cohorts of subjects for hemi-
spheric dominance of a cognitive function, e.g., to recruit
subjects with an atypical, left-hemisphere lateralization for
spatial attention, whilst fMRI can subsequently be used to
obtain more detailed intrahemispheric information about
the foci of activation.

Another newly emerged application field of fTCD is the
study of genetic cohorts. Hemispheric lateralization of
higher cognitive functions may be genetically determined
[Annett and Alexander, 1996; McManus, 1985]. To investi-
gate whether the lateralization of a cognitive function is a
genetic trait, the investigation of large cohorts is necessary,

Figure 7.
Activation pattern for Subject 15. Marked in green are those brain
regions associated with the Landmark task (LT) relative to the control
task (CT). Marked in red are the functionally defined ROIs. Activa-
tions are rendered on the surface of the standard SPM99 template
(pvoxel � 10-5, pcluster � 0.05, corrected for multiple comparisons).
The left hemispheric activation is more extended than the activation
in the right hemisphere. Therefore, LIext.anat indicates left hemispheric
dominance. The extent of the activation in the parietal cortex is more
or less evenly distributed over the hemispheres. But, as is demon-
strated here, the right hemispheric activation “fits better” to the
functionally defined ROI, whereas the left hemispheric activation is a
bit out of place. Thus LIext.func indicates at liberal statistical thresholds
right hemispheric dominance.

Figure 6.
Activation pattern for Subjects 02 and 13. Left: Based on the
extent of activation, using the number of activated voxels above a
statistical threshold, subject 02 is right hemispheric dominant for
spatial attention. This is illustrated in the activation pattern above
(LT 
 CT, Landmark task 
 Control task). If the laterality index
is calculated by the magnitude of the mean signal intensity change
in the most significantly activated ROIs in the frontal and parietal
cortex, Subject 02 displays left hemispheric dominance for the
frontal ROI. A more detailed analysis of its activation pattern
reveals that this does not describe the “true” hemispheric domi-
nance. The implicit assumption was that one deals with activation in
the left as well as in the right ROI. As one can see in the reverse

contrast (CT 
 LT, Control task 
 Landmark task), there is a
strong deactivation, i.e., stronger activation in the control task than
in the actual activation task. Right: For Subject 13, the majority of
the activation centres is located in the left hemisphere; however, the
most significant activated cluster is in the right fronto-temporal
cortex. At low statistical thresholds, the activation pattern displays
left hemispheric dominance, at high thresholds right hemispheric
dominance. Activated areas are shown as through-projections
onto a transversal representation of standard stereotactic space
(pvoxel � 0.001, pcluster � 0.05, corrected for multiple compari-
sons). The abbreviations used were LT � Landmark task, CT
� Control task.
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making fTCD the ideal tool to do so. In the last years,
preliminary data have been collected on the patterns of
inheritance of language lateralization, which promise in-
sights into its genetic basis [Anneken et al., 2001, 2003]. In a
similar vein, fTCD should be capable to contribute to the
understanding of spatial attention.

CONCLUSION

Functional MRI and fTCD complement each other in the
noninvasive and reliable assessment of the hemispheric
dominance for spatial attention. FTCD can be used to screen
large cohorts of subjects for hemispheric dominance of spa-
tial attention, e.g., to recruit subjects with an atypical, left-
hemisphere lateralization, whilst fMRI can subsequently be
used to obtain more detailed intrahemispheric information
about the foci of activation and thus the implementation of
cognitive functions in the brain.
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Knecht S, Deppe M, Dräger B, Bobe L, Lohmann H, Ringelstein EB,
Henningsen H (2000a): Language lateralization in healthy right-
handers. Brain 123:74–81.
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