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Recent publications analyzing the influence of spatial smoothing on
fMRI brain activation results demonstrated that smoothing may
artificially combine activations from adjacent though functionally
and anatomically distinct brain regions and that activation from large
draining vessels may be smoothed into neighboring neuronal tissue. To
investigate whether functional localizations may be artificially shifted
by the smoothing procedure we performed replicability measurements.
Localization centers of motor hand activations achieved during
different conditions (isolated hand movements and simultaneous hand
and chin movements) were compared with respect to smoothing effects.
The voxel with the highest probability to represent a true positive
activation was localized with a non-smoothed and a standard 4 X 4 X 6
mm smoothed correlational data analysis technique. Results show an
increase of motor center aberrations between measurements by about
100% due to data smoothing indicating a statistically significant
decrease in localization replicability.

© 2004 Elsevier Inc. All rights reserved.

Keywords: fMRI; Functional resolution; Data smoothing; Motor loca-
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Introduction

In primary motor cortex and other essential cortical areas, the
functional significance of neuronal tissue may change within
millimeters. Neurosurgical literature described that a mean change
in resection margins by about 1 cm may decide between no or
permanent postoperative functional deficits and the transfer of a
reversible to a permanent deficit is associated with a mean shift of
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resection margins by only about 1 mm (Haglund et al., 1994). In
addition, fine scale somatotopic investigations using fMRI
demonstrated that representation centers for different finger
movements may be only 2-3 mm apart (Beisteiner et al., 2001;
Hlustik et al., 2001; Indovina and Sanes, 2001). As a consequence,
a localization change of fMRI activations due to spatial smoothing
might be problematic. Since recent studies analyzing the influence
of spatial smoothing on fMRI brain activation results (Fransson et
al., 2002; White et al., 2001) imply that such artificial localization
changes may occur, we were interested whether smoothing
procedures—as often used in clinical studies (Lawrie et al.,
2002; Rocca et al., 2002; Staffen et al., 2002)—affect the
localization of functional centers. Extraction of functional centers
refers to previous publications on hand motor localization
(Beisteiner et al., 2000) and Broca language area localization
(Rutten et al., 1999) which indicate that within extended
representation areas single voxels with the largest probability for
a true positive may be defined which correlate best with
intraoperative cortical stimulation. Knowledge about localization
of such a functional center is important for clinical studies, since it
represents the area of the highest risk for a postoperative functional
deficit when damaged.

We examined the replicability of the hand motor center with a
non-smoothed and a smoothed data analysis technique using
standard smoothing values. To test the center stability under
difficult circumstances—namely with varying overall activation
patterns—two different movement conditions were used. Isolated
hand movements were compared with simultaneous hand and chin
movements. Chin movements are of clinical relevance for overt
speech studies and are prone to produce head motion artifacts
which might influence motor center replicability differently with
regard to the amount of data smoothing.

In extension to previous studies (e.g., White et al., 2001), this
study presents the first investigation of smoothing effects on fine
scale localization using replicability measurements. To allow
inferences about clinical relevance, two patients have been included
and data are analyzed individually. Anatomical localization errors
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Fig. 1. Subject AU. Head motion quantification for each condition (hand isolated = continuous line/black bar, hand simultaneous = dotted line/grey bar). Top:
translational head motion averaged over all three spatial dimensions and all runs, bottom: rotational head motion averaged over all three rotational axes and all
runs. Left side shows time course of head position over the 35 image volumes (=time points) relative to initial position (first image volume). Right side shows
average head displacement over all time points with the corresponding standard deviations. This subject showed the smallest overall head motion. No
significant difference between conditions was found.

(White et al., 2001) are avoided by analyzing functional activations years; 1 male/l female) participated in this study. Patient FI
without normalization directly on original EPI images. suffered a recurrence of a left frontoparietal astrocytoma II
detected during routine MR diagnostics 3 months after first
operation. Initially, the patient had presented with an epileptic

Materials and methods seizure but was seizure free postoperatively. The postoperative
local defect measured 2.8 c¢cm in diameter. Patient HP suffered a
Subjects/patients 7 X 6.5 X 5.5 cm left parietooccipital glioblastoma. Initially, he
presented with mnestic deficits, lack of concentration and troubles
11 healthy right handed subjects (mean age: 25.3 years; 7 with vision. He never experienced epileptic seizures. Both
male/4 female) and two right handed patients (mean age: 37.5 patients were in good general health, free of neurological deficits
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Fig. 2. Subject BJ. Same conventions as in Fig. 1. This subject showed the largest overall head motion. No significant difference between conditions was found.
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at the time of fMRI investigations, and transferred for localization
of the motor strip. The study was approved by the local ethics
committee, and all subjects and patients gave written informed
consent.

Task

Subjects performed two paradigms: (1) opening and closing
of the right hand (condition hand isolated), (2) opening and
closing of the right hand and chin simultaneously (condition
hand simultaneous). For control 7 of the subjects also
performed isolated chin movements. The movements were
self-initiated and self-paced at a subjective convenient frequency
using no explicit movement standardization. One run consisted
of four rest and three movement phases with 20 s duration
each. Depending on subject cooperation 6—7 runs were
accomplished per condition. Start, stop, and type of movements
were indicated to the subjects by acoustic commands via
earphones.

MRI acquisition

To minimize head motion artefacts individually constructed
plaster cast helmets were used for optimized and secure head
fixation (Edward et al., 2000). fMRI measurements were done on a
3T BRUKER Medspec scanner (BRUKER Biospin, Ettlingen,
Germany). We used a phase corrected single-shot, blipped GE-EPI
sequence (TE/TR = 55.5/4000 ms, 128 x 128 matrix, 230 X 230

Hand Isolated

v
b
»

..;

Chin Isolated

FOV, 25 axial slices, slice thickness 3 mm, voxel size 1.8 X 1.8 x
3 mm, no interslice gap, sinc-pulse excitation).

MRI data analysis-post processing

Prior to further analysis, all volumes of every subject were
realigned using AIR 3.08 (Woods et al., 1998) with a rigid 6
parameter (three transformation and three rotation parameters)
model using a four step procedure: (1) The first volumes of all
runs were realigned to the first volume of the first run. (2) The
volumes of each run were realigned to the first volume of the
same run. (3) For each run, the transformation obtained in step 1
was combined with the transformations from step 2, resulting in
summary to a realignment of volumes of all runs to the first
volume of the first run. (4) Finally, all volumes are repositioned to
reflect the average position, size and shape of the volumes. Since
we used anisotropic voxels of size 1.8 X 1.8 X 3 mm AIR motion
correction was done with a smoothing kernel of 4 X 4 X 0 mm.
AIR results were used to check head motion behavior of the
subjects for each condition. Cumulating the aberration of the head
position from the initial position along all spatial axes for each
time point allowed to test for differences of mean head position
between hand movement conditions using a ¢ test after proving of
normal data distributions by Kolmogorov—Smirnov tests. Figs. 1
and 2 depict the subjects with the lowest and largest overall head
motion, respectively.

For both conditions, motor functional centers were defined
within the primary motor cortex hand area as follows.

Fig. 3. Patient FI. Representation of the hand and chin areas on original EPI images (interpolated to 256 X 256) with non-smoothed risk maps. Colors indicate
voxel reliability (yellow = most, red = least reliable, see text). According to the risk map procedure map specific correlation thresholds are » > 0.65 (hand isolated,
chin isolated), » > 0.55 (hand + chin simultaneous). Note the clear separation of hand and chin activations visible in the middle column despite difficult {MRI
conditions due to large pathology producing considerable susceptibility artefacts. For visualization all active risk map voxels are shown (no ROI).
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SPM99 analysis 4 x 6 mm FWHM Gaussian smoothing kernel. All scans of

the same condition were analyzed together. The smoothed data

Since the least degree of smoothing that is compatible with were calculated with a fixed response box car function shifted

the smoothness being large enough to ensure the validity of the by 8 s and not convolved with a hemodynamic response

statistical inferences is two times the voxel size, we performed function. ¢ value maps were generated depicting all voxels with

SPM99 (http://www.fil.ion.ucl.ac.uk/spm/) analyses with a 4 X positive ¢ values (see Figs. 4 and 5) without using additional
A

Hand isolated: Risk Map Motor ~ Hand simultaneous: Risk Map Motor
Focus Slice 21 Focus Slice 21

Hand isolated: SPM Motor Hand simultaneous: SPM Motor
Focus Slice 17 Focus Slice 21

Hand Isolated: SPM Map Region of Interest
Slice 21 Slice 21

Hand isolated: Risk Map Region of Interest
Slice 17 Slice 17

Fig. 4. (A) Subject BJ. Localization of the hand motor center with non-smoothed risk map (top) and 4 mm smoothed SPM techniques. The motor center is
pinned. Functional activations are shown on original EPI images. Risk map specific correlation thresholds are » > 0.6 (hand isolated) and » > 0.7 (hand
simultaneous). SPM maps show all voxels with positive ¢ values (no p value thresholding). Motor center aberration with risk maps = 0 mm, with SPM 4 mm
smoothing = 12 mm. (B) Subject BJ. Left: Corresponding SPM maps/risk maps missing in A. Right: Corresponding hand ROIs.
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criteria in particular without P value thresholding. The primary
motor cortex hand area was defined according to anatomic
criteria (Yousry et al.,, 1997). Regions of interest (ROI) for the

A

Hand isolated: Risk Map Motor
Focus Slice 15

Hand isolated: SPM Motor
Focus Slice 15

Hand simultaneous: SPM Map
Slice 15

Hand simultaneous: Risk Map
Slice 17

hand area were drawn individually based on EPI and high
resolution anatomical images and comprised the whole inverted
omega structure as well as the pre- and postcentral gyrus—the

Hand simultaneous: Risk Map Motor
Focus Slice 15

Hand simultaneous: SPM Motor
Focus Slice 17
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Fig. 5. (A) Patient FI. Same conventions as in Fig. 4A. Risk map-specific correlation thresholds are » > 0.65 (hand isolated) and » > 0.55 (hand simultaneous).
Motor center aberration with risk maps = 1.8 mm, with SPM 4 mm smoothing = 10 mm. Note difficult fMRI conditions due to pathology related susceptibility
artifacts. Nevertheless, smoothing effects on motor center aberration are comparable to normal subjects. (B) Patient FI. Left: Corresponding SPM maps/risk

maps missing in A. Right: Corresponding hand ROIs.
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Table 1

A. Geissler et al. / Neurolmage 24 (2005) 323-331

Individual localization differences of motor centers between isolated and simultaneous hand movements in mm

Subject Difference risk map Difference SPM 4 mm

Hand isolated vs. Hand simultaneous Hand isolated vs. Hand simultaneous

ml ap si 3D dist ml ap si 3D dist
BJ 0 0 0 0 0 0 —12 12
GS —1.8 0 0 1.8 —1.8 1.8 0 2.55
HP 0 0 0 0 5.4 —5.4 —6 9.71
KI 1.8 —1.8 0 2.546 0 —1.8 0 1.8
LR 0 0 0 0 0 0 0 0
FI 0 -1.8 0 1.8 3.6 -7.2 -6 10
SC 0 0 0 0 —1.8 -1.8 0 2.55
AM 0 —1.8 —6 6.264 —1.8 —1.8 —6 6.52
LuR —5.4 18 3 19.03 -3.6 3.6 —6 7.87
MG —1.8 1.8 0 2.546 3.6 0 -3 4.69
SL 0 1.8 0 1.8 —1.8 5.4 0 5.69
TN 0 1.8 0 1.8 —1.8 1.8 3 3.93
TH 1.8 3.6 0 4.025 -3.6 —12.6 -9 15.9

The ml = medio-lateral, ap = anterior-posterior, si = superior—inferior axis and the 3D distances are given. The two patients are in bold type.

latter being known to comprise about 10-20% of the pyramidal
tract axons. Identical ROIs were used for all analysis
procedures. Corresponding to previous literature (e.g., Lotze
et al., 2000), the voxel with the highest ROI t value (SPM T
maps) was determined as the hand motor center. Since we did
not investigate voxel clusters but peak values of the ¢ maps, no
statistical analysis was performed.

Non-smoothed data analysis

Previously, a high spatial resolution data analysis technique was
introduced which allows separate evaluation of voxel reliability
and mean correlation coefficient (Beisteiner, 2004; Beisteiner and
Barth, in press; Beisteiner et al., 2000, 2001). Using the same
reference function and the same ROIs as in SPM, a cross-
correlation was calculated for every run. Voxel reliability was
determined as the number of runs a voxel surpassed a certain
correlation threshold. At various correlation thresholds reliability
values were color coded and mapped as follows: yellow = 75—
100% of runs active, orange = 50-75% of runs active, red = 25—
50% of runs active (see Figs. 3.4,5). Since reliability values
indicate voxels at largest risk for a specific functional deficit when
damaged, these maps were previously called fMRI risk maps

Table 2
Mann—Whitney—Wilcoxon U test results testing for increases in 3D
differences between non-smoothed and smoothed analysis techniques

Non-smoothed RiskMap
versus SPM99 4 mm
smoothing Total group
data (13 subjects)

(Beisteiner et al., 2000). Based on the risk maps, the hand motor
center was found by searching the largest correlation threshold that
yielded an ROI voxel with a reliability of 75—100%. Hand and chin
activations were clearly separable on the risk maps for all subjects
(see Fig. 3) when analyzing combined anatomical and functional
information. This assured correct assignment of hand activations
and chin activations (compare Figs. 4 and 5).

Statistical analysis

For each subject and every data analysis technique localization
differences of the hand motor center between conditions were
calculated in 3D. The 3D distance was defined as the length of the
distance vector spanned between the isolated and the simultaneous
hand movement center. The Euclidean distance was calculated as
\/(xl —x2)2 + _y2)2 + (21 _22)2, where x, yy, z; and x5, y,
z, are the Cartesian coordinates of the hand motor center in the
simultaneous and isolated conditions, respectively. The calculated
differences establish the replicability between conditions and are
given in Table 1 in detail. To test for an analysis specific difference
of 3D distances a Wilcoxon test was performed comparing the
smoothed with the non-smoothed data analysis technique for the
whole group and for the healthy subgroup of normal subjects only
(see Table 2). Mean 3D distances are given in Table 3. Tables 4 and
5 show the corresponding Talairach coordinates for every motor
center achieved after normalization of the data with SPM99 using
the EPI template. Wilcoxon tests were also performed with these
data.

Double sided
significance

0.022

Non-smoothed RiskMap
versus SPM99 4 mm
smoothing Healthy
subgroup data (11 subjects)

Double sided
significance

0.116

Table 3

Mean 3D distances per analysis method in mm (compare Fig. 6)

3D Distance total Mean Standard
group (13 subjects) deviation
RiskMap 3.39 5.26
SPM 4 mm 6.4 4.56

3D Distance healthy Mean Standard
subgroup (11 subjects) deviation
RiskMap 3.65 1.53
SPM 4 mm 5.77 1.42
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Table 4
Voxel coordinates and associated Talairach coordinates as resulting from the non-smoothed risk map analysis
Subject Voxel coordinates Talairach coordinates

Hand isolated Hand simultaneous Hand isolated Hand simultaneous

ml ap si ml ap si ml ap si ml ap si
BJ 83 88 21 83 88 21 32 44 58 32 44 57
GS 88 78 23 89 78 23 -36 —11 62 —38 —11 62
HP 77 54 29 77 54 29 -25 —55 65 =25 —55 64
KI 91 54 19 90 55 19 -39 -19 50 —37 —18 51
LR 79 70 19 79 70 19 -30 -1 49 -30 -1 49
FI 88 66 15 88 67 15 -36 —10 45 -36 -9 45
SC 81 48 23 81 48 23 -29 —12 42 —28 —12 42
AM 90 72 20 88 75 22 —27 -9 55 —22 =5 64
LuR 94 75 21 97 66 20 —40 —14 59 —46 -36 51
MG 81 69 24 82 68 24 —34 -19 68 -36 —21 67
SL 90 73 20 90 72 20 —51 33 31 —51 31 32
™N 92 64 19 92 63 19 =55 —33 44 —55 -36 43
TH 83 73 23 82 71 23 =35 -20 63 —34 =25 62

The voxel coordinates are pure matrix coordinates without consideration of the voxel dimension. Here MRIcro (Rorden, C.) convention was used (point of

origin: bottom left corner).
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Fig. 6. Bar graph illustration of the mean and standard deviations of the 3D
distances of hand motor centers for isolated and simultaneous movements.
The influence of functional data smoothing with SPM 4mm smoothing
Kernel is shown. Top: total group data (13 subjects), bottom: healthy
subgroup (11 subjects).

Results

Analysis of head motion behavior showed generally low motion
effects and no difference between conditions. The mean time
course of head motion over all runs is shown in Fig. 1 for the
subject with the smallest and in Fig. 2 for the subject with the
largest overall head motion. Kolmogorv—Smirnov tests indicated
normally distributed data and ¢ tests revealed no significant
differences between condition related head motion for neither
subject and neither motion form (translation, rotation).

Localizations for hand and chin activity were found in
primary motor areas corresponding to the motor homunculus as
previously described. A separation of hand and chin clusters
was possible with every subject (see Fig. 3). Smoothing-
dependent differences of the movement representation centers
for isolated and simultaneous movements are depicted in Table
1 and Fig. 6. With smoothing, the mean 3D distance between
motor centers increased by about 100% (Table 3) and in 10/13
subjects motor center replicability deteriorated (Table 1). The
increase of 3D distances with smoothing was statistically
significant for the total group data (Table 2). Since the patients
(HP, FI) exhibited very large smoothing related distance
increases, a subanalysis of normal subjects only showed the
same trend but did not reach significance (Table 2, Fig. 6).
When calculating statistics after data normalization using the
Talairach coordinates (Tables 4 and 5), the same behavior with
nearly identical statistical values was found.

Discussion

Recent publications analyzing the influence of spatial
smoothing on fMRI brain activation results (Fransson et al.,
2002; White et al., 2001) demonstrated that smoothing may
artificially combine activations from adjacent though function-
ally and anatomically distinct brain regions and activation from
large draining vessels may be smoothed into neighboring
neuronal tissue. This implies that functional localizations may
be artificially shifted by the smoothing procedure. To investigate
this issue in more detail, we compared cortical representations
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Table 5
Results for the 4-mm smoothed SPM analysis

A. Geissler et al. / Neurolmage 24 (2005) 323-331

Subject Voxel coordinates Talairach coordinates

Hand isolated Hand simultaneous Hand isolated Hand simultaneous

ml ap si ml ap si ml ap si ml ap si
BJ 83 88 17 83 88 21 —34 -36 43 -32 —44 57
GS 93 75 21 94 74 21 —46 —12 53 —48 —14 53
HP 80 50 27 77 53 29 -30 —56 54 =25 —56 63
KI 90 59 20 90 60 20 -35 —11 56 -35 -9 57
LR 79 70 19 79 70 19 -30 -1 49 -30 -1 49
FI 88 66 15 86 70 17 -36 —10 45 —31 -5 53
SC 80 48 23 81 49 23 -26 —12 42 —28 —10 41
AM 90 72 20 91 73 22 27 -9 55 —28 -9 64
LuR 92 77 19 94 75 21 -37 -7 51 —40 —14 59
MG 84 69 23 82 69 24 —38 —19 63 -36 —19 68
SL 89 75 20 90 72 20 —49 37 29 =51 31 32
™ 92 64 20 93 63 19 —55 —34 48 —56 -36 43
TH 81 65 19 83 72 22 -33 -32 41 -35 -21 59

Same conventions as in Table 4.

of movements performed by the same effector under varying
movement conditions and analyzed with a high spatial
resolution and a standard smoothing approach. Without smooth-
ing, localization errors due to noise effects should be minimized
since scattered noise voxels do not affect the true response
when only the most active voxel is evaluated. Our risk map
technique applied here specifically evaluates voxel reliability
and extracts the voxel with the highest probability for a true
positive activation within the given experimental context. This
motor center definition has already been validated by compar-
ison with intraoperative cortical stimulation (Beisteiner et al.,
2000) and is routinely used for clinical localization purposes.
We found a significant decrease in localization replicability due
to standard data smoothing. Motor center aberrations increased
by about 100% with data smoothing. Interestingly, the two
patients were among the subjects with the largest deterioration
of replicability calling for special caution with clinical data
analysis. Using the risk map technique, one patient showed
perfect replicability of the hand motor center the other differed
only at 1 voxel coordinate. With 4 mm smoothing motor centers
differed by 9.71 mm (3D distance, patient HP) and 10 mm (3D
distance, patient FI) between conditions. The most likely reason
for patients unfavorable behavior is a larger noise level due to
reduced capabilities for cooperation (Beisteiner, 2004; Beisteiner
and Barth, in press). Over the whole group, the maximum effect
was observed with subject BJ where localization differences
increased by 12 mm.

In general, our data indicate that more reliable fMRI
localizations will be achieved with a non-smoothed data
analysis technique. They also indicate that uncritical use of
standard smoothing procedures may be problematic in a clinical
environment. Of course, the impact of smoothing related
localization shifts depends on the investigational goal. With
cognitive tasks (e.g., language and memory localization) fine
scale localization is often not as important as grossly localizing
active areas. A typical situation here is the determination of
hemispheric dominance where the consequences of smoothed
data analysis pose mostly no problems. The same is true for
group studies investigating mean group activations. A different
situation exists when definition of an individual activation

maximum is required. Examples are fine scale somatotopic
investigations or determination of essential neuronal tissue for a
specific brain function such as movement. Preoperatively,
essential tissue localizations need to be known for planning
the best surgical approach and defining optimum resection
margins. Although with current fMRI techniques, it is still not
clear how the border between essential and non-essential
activations can be drawn safely, the ability to define the
location which is most probably truly active helps. Our data
show that non-smoothed data analysis is advantageous to
achieve this.
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