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Abstract
Ojectives—Presurgical mapping of motor
function is a widely used clinical applica-
tion of functional (f) MRI, employing the
blood oxygenation level dependent con-
trast. The aim of this study was to report
on 3 years experience of 194 fMRI studies
on the representation of motor function in
103 patients and to describe the problems
and artefacts that were typically present.
Methods—An evaluation was carried out
to determine whether the patients’ age,
type or location of the tumourous lesion,
severity of the paresis, or the tasks used
during the investigation have an eVect on
artefacts of fMRI studies and how these
artefacts are best overcome.
Results—Functional MRI identified the
motor regions in 85% of all investigated
paradigms. In 11% of the investigated
patients no information at all on func-
tional localisation was obtained. A drain-
ing vein within the central sulcus was
present in all patients that showed activa-
tion within the parenchyma of the precen-
tral gyrus but also in three patients in
whom no parenchymal activation was
present. Head movement artefacts were
the most frequent cause for fMRI failure,
followed by low signal to noise ratio.
Motion artefacts were correlated with the
degree of paresis and with the functional
task. Tasks involving more proximal mus-
cles led to significantly more motion arte-
facts when compared with tasks that
primarily involved distal muscles. Mean
MR signal change during task perform-
ance was 2.5%.
Conclusions—Most of the artefacts of func-
tional MRI can be reliably detected and at
least in part be reduced or eliminated with
the help of mathematical algorithms, ap-
propriate pulse sequences and tasks, and—
probably most important—by evaluating
the fMRI raw data—that is, the MR signal
time courses.
(J Neurol Neurosurg Psychiatry 2001;70:749–760)
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The goal of minimally invasive neurosurgery is
to maximise patient safety and to minimise
residual tumour. Therefore, the anatomical
relation between functional and pathological
regions has to be perceived by the neurosur-
geon. Traditionally, this has been accomplished

by determining anatomical landmarks in rela-
tion to the pathological tissue. Because mass
eVects associated with brain tumours can
distort normal cortical anatomy and make the
localisation of relevant functional areas by ana-
tomical landmarks alone diYcult, preoperative
functional localisation is of special interest to
the neurosurgeon and ultimately to the patient.
Functional MRI (fMRI) combines detailed
anatomical information with physiological
information on cerebral haemodynamics after
cognitive activity to create a structural and
functional model of a person’s brain. This
structural-functional coregistration makes
fMRI an ideal tool for presurgical planning of
patients with mass lesions aVecting function-
ally important brain regions. Preoperatively,
fMRI data can be used for risk management
and for determining the operative
trajectories—that is, for surgical planning;
intraoperatively, fMRI is helpful for guiding
surgical resection and for neuronavigation pur-
poses. Individual risks of permanent neurologi-
cal deficits can be assessed preoperatively and
diVerent surgical strategies can be discussed.

The technique of fMRI is easy to employ,
even using routine clinical scanners; it is cost
eVective and yields both structural and ana-
tomical data within the same imaging method-
ology. Therefore, it has found widespread use
over the course of the past several years. Multi-
ple studies have demonstrated the potential of
fMRI for presurgical mapping of cortical
motor function.1–16 All these studies showed the
feasibility of fMRI as a non-invasive mapping
method for patients with mass lesions in the
vicinity of the central sulcus. However, there
are only a few studies that focused on problems
and artefacts of this technique and on possible
solution strategies.

Our intention is to report on our 3 years of
experience of 194 functional MRI studies on
the representation of motor functions in 103
patients. To the best of our knowledge this is
the largest consecutive series of patients inves-
tigated with fMRI for presurgical planning
purposes. Our aim is to describe the typical
problems and artefacts that we have encoun-
tered and to provide possible solutions for the
clinician. We attempt to elucidate whether
functional imaging problems are correlated
with the patients’ demographic data such as
age, type or location of the lesion, severity of
the paresis, or the task used during the investi-
gation and to give guidelines how to interpret a
functional MRI study.
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Methods
PATIENTS

This was a consecutive series of 103 patients
who were investigated with functional MRI
between May 1997 and February 2000. The
criterion for patient selection was a mass lesion
near the central region, distorting normal cor-
tical anatomy by displacing the central sulcus.
The patients’ age ranged from 9 to 79 years
(mean 48.6 years); 59 patients were female, 44
were male. Ninety five patients underwent sur-
gery with resection of the lesion. Lesion locali-
sation was frontal in 49 patients, parietal in 32,
and frontoparietal in 12. The right hemisphere
was aVected in 42 patients, the left hemisphere
in 62 (one patient had a large meningioma of
the falx cerebri, aVecting both central regions).
Symptomatology on admission were motor
deficits in 68 patients (including paresis
(n=50), loss of dexterity (n=10), or ataxia
(n=8)), epilepsy in 40 patients (including focal
seizures (n=20), focal seizures with secondary
generalisation (n=10) and primary generalised
seizures (n=10)), speech problems in 24
patients (dysarthria (n=14), motor aphasia
(n=8), sensory aphasia (n=2)), sensory deficits
in 20 patients (hypaesthesia (n=14), dysaesthe-
sia (n=4), and paraesthesia (n=2)), and non-
specific symptoms in 72 patients (headaches
(n=36), nausea (n=22), changes in personality
(n=8)). Lesion pathology included 23 patients
with glioblastoma multiforme, 16 with solitary
cerebral metastases, 14 with meningioma, 10
with astrocytoma World Health Organisation
(WHO) grade III, and eight with astrocytoma
grade II, seven with oligoastrocytoma grade III,
four patients each with oligodendroglioma
grades II and III, four with a hamartoma, three
with an oligoastrocytoma grade II, three with a
cavernoma, two with an anaplastic meningi-
oma, and one patient each with a gliosarcoma
grade IV, a ganglioglioma, a lymphoma, an
arteriovenous malformation, and a calcified
aneurysm.

fMRI PROCEDURE

Before entering the scanner, each patient was
carefully instructed about the scanning proce-
dure including the possibility of facial muscle
contraction due to rapidly switching gradients
and the need to avoid head motion. Patient
instruction was performed using printouts of
typical imaging examples including those with
head movement artefacts.

All imaging studies were performed on a 1.5
T Philips Gyroscan NT (Philips Medical
Systems, Best, The Netherlands) equipped
with echo planar imaging capabilities. The
subjects’ heads were immobilised in a standard
head coil using Velcro straps, neck cushioning,
and foam padding to minimise motion arte-
facts. Before scanning, patients were asked to
find a comfortable position in the head coil and
to relax during the imaging procedure.

Field homogeneity was optimised for each
patient before each scan using an automatic
shimming sequence. After localising images in
three planes (survey scan), strongly T1
weighted multishot inversion recovery EPI
images were obtained for anatomical reference

(imaging parameters TR/TE/TI 2000/22/400,
FOV 220×220, matrix 256×256, slice thickness
7 mm). We chose an echo planar imaging tech-
nique for the anatomical images instead of a
conventional spin echo technique to avoid mis-
registration of anatomical and functional data
due to EPI related distortions. Inversion recov-
ery sequences were chosen to obtain a better
grey-white matter diVerentiation. Images cov-
ered the whole brain and were oriented parallel
to the line running through the anterior and the
posterior commissure. Functional images were
obtained using a blood oxygenation level
dependent (BOLD) single shot multislice T2*
weighted gradient echo EPI sequence (TR/
TE/FA 4000/40/40, FOV 220×220, matrix
64×64, slice thickness 7 mm). In a total
scanning time of 4 minutes 24 seconds six
alternating epochs of rest and activation each
lasting 44 seconds were performed by all
patients. Before the functional measurement
started, “dummy” scans (acquisitions that were
later discarded) were performed by the scanner
to approach magnetisation equilibrium. The
scan comprised a total volume of 66 time
points with a temporal resolution of 4 seconds/
time point. Subsequent to the functional scans
the anatomical sequence was repeated after
administration of gadolinium DTPA. Each
scan (anatomical, functional, and postcontrast
anatomical) was obtained with the same slice
number, orientation, and localisation.

PARADIGMS

We used boxcar paradigms contrasting motor
activation with rest. The motor paradigm was
chosen with respect to tumour localisation and
motor deficits. Typically, more than one
functional paradigm was employed for each
patient. Six alternating epochs of rest and acti-
vation were performed in all paradigms.
During rest periods, patients were asked to
relax and to concentrate on the scanner
background noise. The patients had suYcient
time to practise the task before the scanning
session. Performance during the scanning
session was controlled via video monitoring. If
the patient encountered any problems during
the paradigm, the scan was stopped and
repeated. Instructions to start and stop were
given over the auditory system of the scanner.
Before each paradigm was started, the patients
were instructed about which movement was to
follow. As one video camera was pointed
directly at the head of the patient, gross move-
ments of the head were visible while the patient
was still in the scanner. If these movements
were seen, the scan was aborted, the patient
was instructed to refrain from head movements
and the scan was repeated.

When investigating the cortical represen-
tation of the hand muscles we employed two
diVerent paradigms, one of which was per-
formed in every patient: A total of 47 patients
underwent a finger opposition paradigm using
the aVected hand to carry out a self paced light
touch of thumb pad to finger pad of each sub-
sequent finger without looking at the hand
(finger tapping). Fifty six patients were asked to
perform repetitive self paced closing of the
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hand to a fist (hand clenching). In patients with
mass lesions aVecting the more medial and
superior parts of the central area, the lower
limbs were tested as well (n=49). The two
motor tasks for the lower limbs consisted (a) of
repetitive flexion of the toes (toe curling)
(n=22) and (b) of alternating foot flexion and
extension (foot flexion) (n=27). In those
patients in whom we tested the facial muscles,
we also used two diVerent repetitive tasks,
tongue movement from cheek to cheek (tongue
movement) (n=5) and contractions of the
orbicularis oris muscle (lip puckering) (n=11).
As some of the tasks were performed twice in
one patient to enhance reliability and some
patients performed multiple tasks, a total of
194 functional runs were obtained (72 hand
clenching, 54 finger tapping, 29 foot flexion, 23
toe curling, five tongue movement, and 11 lip
puckering runs).

fMRI ANALYSIS

After image acquisition the data were con-
verted to DICOM standards and transferred
via the hospital network to a local network
where data evaluation was performed on SUN
workstations. Sites of functional activation
were statistically evaluated on a voxel by voxel
basis using XDS software developed by the
Massachusetts General Hospital NMR Center.
Using this software, we employed the
Kolmogorov-Smirnov non-parametric statisti-
cal test to compare the MR signal time course
with the given task paradigm. This test was
chosen to account for the non-normal distribu-
tion of the T2* MR signal that is presumably
due to rhythmic fluctuations (cardiac and
respiratory cycle). Transition times (two time
points=8 seconds after a signal was given) were
not included in the statistical evaluation to
account for the delayed haemodynamic re-
sponse curve. The software calculated the acti-
vation maps, which were subsequently colour
coded on a thermal scale according to the level
of statistical significance of the diVerence
between rest and activation states and overlaid
over the anatomical inversion recovery EPI
images and the contrast enhanced images for
anatomical reference and detection of venous
structures. Although the low thresholds for
activation were set at p<0.005 in all cases, the
high threshold varied interindividually accord-
ing to the varying % signal change between
patients. To estimate the noise present in the
data, the timecourse of a voxel outside the
brain was evaluated for each patient. After cal-
culating the mean MR signal within the
selected voxel, the SD of the % MR signal
change was computed. Noise was defined as
2×SD and was given in % MR signal change
units.

SIGNAL TIME COURSE ANALYSIS

Signal time course analysis (calculation of %
change (ÄS)) and determination of the latency
between onset of task activity and onset of sig-
nal rise time (T0) were performed independ-
ently for those voxels that demonstrated task
related MR signal changes and that overlaid (a)
parenchyma and(b) vessels that were identified

on contrast enhanced studies (central sulcal
vein and large bridging veins) in all patients
and for all tasks. To minimise partial volume
eVects, only a single voxel was evaluated. We
selected this voxel according to its statistical
power—that is, the voxel with the peak statisti-
cal significance was chosen for further analysis.
The mean MR signal intensity for each rest and
activation condition of a single functional scan
was computed independently. Between each
activated state MR signal value and its preced-
ing resting state value the % signal change was
calculated. The % signal change value was then
computed as the mean of the three pairs of rest
and activation states. The time of onset of the
rise in MR signal intensity was determined as
follows. Standard deviation for the baseline
MR signal intensity values was calculated. The
time of onset (T0) was defined as the first time
point after beginning the task in which the MR
signal intensity was consistently (five consecu-
tive time points) higher than the mean baseline
plus 2 SD. A two tailed paired Student’s t test
was performed to determine whether there
were any significant diVerences in signal time
course characteristics (ÄS and T0) between
parenchymal and venous “activation”. The
MR signal time courses were additionally used
to diVerentiate “real” activation from move-
ment related and task related signal changes,
again using T0 and ÄS. If the onset was imme-
diate (starting with the first image during acti-
vation states), if it was only present on one
(typically the first) start signal, and/or if the
signal change exceeded 7%, motion artefact
was presumed. To further confirm this, the
original T2* raw data of each slice was then
visualised as an animated loop that reliably
demonstrated variations in head position.

ELIMINATION OF MOTION ARTEFACTS

If motion artefacts were detected, a motion
detection and correction algorithm was used to
realign images.17 This algorithm depended on
the overall measure of similarity between
images. If multiple images acquired with the
same technique were perfectly aligned to each
other, the ratio of one image to the other should
be uniform across voxels. Misregistration, on
the contrary, would lead to a substantial degree
of non-uniformity. The degree of uniformity
between images was computed using the SD of
the voxel by voxel ratio. The motion correction
algorithm iteratively sought to minimise this
SD by adjusting the parameters of the rigid
body model.17 This model incorporated a total
of six parameters that can be conceptualised as
rotations around and translations along each of
the three major coordinate axes. To perform
rigid body transformations the data were inter-
polated to cubic voxels before rotation about
the three axes and translation within the three
planes was possible. The algorithm tried to
converge on a reference image (typically the
first image of the data set) by computing the
ratio of the reoriented image to the reference
image on a voxel by voxel basis. The SD served
as a measure of the quality of realignment.
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Results
FACTORS RELATED TO IMAGING FAILURE

A total of 194 functional scans in 103 patients
were performed. Of these, 164 could be evalu-
ated; in 30 runs no functional information was
obtained (for details on diVerent paradigms see
table 1). In 11 patients, fMRI failed to show
activation within the cortical motor regions in
all investigated tasks. To evaluate whether spe-
cific characteristics of the patients or their
pathology correlated with imaging failure, the
following factors were investigated: age of the
patient, degree of paresis, invasion of the
tumour into the precentral gyrus, oedema, dis-
placement of the central sulcus, extravasal
blood, and occurrence of abnormal vessels.
Although the group of patients with fMR
imaging failure was slightly older than the
group of patients where fMRI succeeded (52.4
(SD 13.5) years v 47.2 (SD 21.3) years) the
diVerence was not significant. Failure to obtain
functional information was closely related to
motor deficits: in 26 of the 30 failed runs, the
patient had a paresis of the investigated limb.
For all other investigated characteristics, there
was no significant diVerence between the group
of patients in whom fMRI failed and the group
in whom fMRI succeeded in showing cortical
motor regions.

SIGNAL TO NOISE RATIO IN LARGE DRAINING AND

SMALL PARENCHYMAL VEINS

Task related haemodynamic changes after
motor activation were visible in various areas.
Table 2 shows the occurrence of the signifi-
cantly diVerent (p<0.005) activated brain areas
for all investigated paradigms. Spurious activa-
tion, defined as a single significant voxel, was
not included in the data. Activation other than
spurious activation within a tumour was not
seen in any patient. The pattern of activation
within the primary sensorimotor cortex after
movements of the hand was similar across sub-
jects. We identified a deep medial activity that
was located in the “hand knob”,18 an omega
shaped part of the precentral gyrus if the corti-
cal anatomy was not distorted, and, typically in
the same slice, more superficial lateral activity
within the central sulcus. In subsequent higher
slices the lateral activation was still visible on
the superficial cortex whereas the medial activ-
ity was located maximally on two subsequent
slices. The lateral activity was always contigu-
ous on the adjacent slices in all patients,

extended towards the superior sagittal sinus,
and had a tubule-like structure. When overlay-
ing the functional maps on the contrast
enhanced T1 weighted scan this activation was
identified as a large draining vessel. The dual
activation visible on at least one slice in 69
patients could also be further diVerentiated
when being merged with the venous anatomy.
The lateral more superficial area of activation
colocalised in all patients with a vessel seen
after administration of Gd-DTPA whereas the
medial deep activation did not spatially coin-
cide with a vessel seen on contrast enhanced
studies but did instead overlay the parenchyma
(fig 1, a and b). Per cent T2* signal changes
between rest and activation states (ÄS) were
calculated in parenchymal voxels and voxels
overlaying draining veins for each patient and
for every task. Mean parenchymal % MR signal
change between rest and activation states was
2.5% (SD 0.8%, minimum 0% and maximum
4.3%) for all investigated paradigms (for details
on the diVerent paradigms see table 1). Signifi-
cant haemodynamic changes in large draining
veins occurred irrespective of the motor
paradigm used. Mean % changes in signal
intensity within the draining veins were typi-
cally 2.4 times (SD 0.54: minimum 1,
maximum 4.4) as high as the increase within
the parenchyma (see fig 2 and fig 3 for an
example) (mean % signal change within drain-
ing veins: 5.8% (SD 1.6%, minimum 0%,
maximum: 9.6%). t Test statistics of the time
course analysis disclosed highly significant
(p<0.001) diVerences in ÄS and non-
significant diVerences in T0 between parenchy-
mal and venous sites of task related haemody-
namic changes. T0 in large draining veins and
parenchymal venules coincided in most cases
using the rather coarse time resolution of 4
seconds (TR 4000 ms). Mean ÄS, SD of ÄS,
the range of ÄS, and the correlation between
venous and parenchymal ÄS in both large
draining vessels and small parenchymal venules
of all investigated subjects are given in table 3.
In figure 1 c, representative time course exam-
ples during finger opposition for small paren-
chymal venules and a large draining vein are
shown.

Significant activation within large venous
structures could be seen up to 2.8 cm away
from the site of parenchymal activation, in
some cases even within the superior sagittal
sinus. Mean distance between the site of
parenchymal activation and the venous activa-
tion most distant from the parenchymal site
was 1.9 cm (SD 1.1 cm). The mean distance
between the peak parenchymal voxel and the
peak venous voxel was 1.0 cm (SD 0.8 cm).
The number of statistically significant voxels

Table 1 Results of functional MRI

Hand Finger Feet Toes Tongue Lip

Number of scans 72 54 29 23 5 11
Number of failures 11 4 9 3 2 1
Mean % signal change 2.7 2.8 2.4 2.2 2.6 2.5

Table 2 Activated brain regions during functional MRI (p<0.005)

Hand Finger Feet Toes Tongue Lip

Primary motor cortex (M1), contralateral 61 50 20 20 3 10
Primary motor cortex (M1), ipsilateral 17 21 7 4 3 10
Primary sensory area (S1) 39 33 4 1 0 2
Supplementary motor area 35 24 12 11 1 5
Premotor areas 14 17 3 6 0 3
Cerebellum 56 44 13 15 2 7
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(p<0.005) was always larger around draining
veins (mean 17 voxels (SD 11.6 voxels)
compared with parenchymal venules (mean 6
voxels (SD 8.3 voxels) (for an example see fig 1
b). In seven functional runs (two hand clench-
ing runs, two finger tapping runs, two foot flex-
ion, and one toe curling run), no parenchymal
activation was seen within cortical motor areas.
Low signal to noise ratio was therefore held
responsible for seven of the 30 failed fMRI
examinations. In three of these seven runs, no
parenchymal but draining vein activation was
seen (for an example see fig 4). Noise within
the data was 1.2% (SD 0,24%) minimum
0.7%, maximum 1.9%) and was not related to
the investigated paradigm.

MOTION ARTEFACTS

Motion related artefacts were present in 39 of
the 72 hand clenching paradigms and made an
interpretation impossible in nine of these func-
tional runs (72/39/9); during finger tapping the

ratios were 54/16/2, during foot flexion 29/
17/7, and during toe curling 23/8/2. Lip puck-
ering had ratios of 11/8/1 runs, tongue
movement 5/5/2. Motion related artefacts were
therefore responsible for 23 of the 30 failed
fMRI examinations. The frequency of motion
related artefacts was related to the degree of
paresis (fig 5). If no paresis of the investigated
muscle was present, motion artefacts were
present in 29%, in patients with paresis 72%.
In those patients who did not have a paresis
motion artefacts occurred more often during
tasks involving proximal muscles (hand clench-
ing 30.3% v finger tapping 1.8%, foot flexion
38.5% v toe curling 18.2%). There were no
significant relations between the occurrence of
motion artefacts and patient age, sex, or type of
lesion. In the parenchymal areas, the latency
between task commencement and first signifi-
cant increase in MR signal was not immedi-
ately visible in any patient (T0 =0: 0%, T0 =1:
0%), The MR signal increase started between 4
and 12 seconds after task commencement (T0

=2: 47%, T0 =3: 30%, T0 =4: 21%); only spo-
radically, the increase started later than 12 sec-
onds (2%). For motion artefacts that were
detected by the typical ring-like appearance
around the outer rim of the skull (halo artefact)
or by inspecting the animated loop of T2
images, a significant increase in MR signal
most often began immediately after task
commencement (T0 =0: 24%, T0 =1: 46%). At
T0 =2–4 only 7% of the functional runs
demonstrated significant MR signal increase;
the remaining 23% were equally distributed
over T0 =5–10 (for examples of time courses
with abrupt head movement see fig 6 A and B).
In addition to T0 computation, ÄS of motion
artefacts was evaluated. Mean % signal change
was 7.7% with a range from 1.4% to 27.3%
and SD of 16.5%. In patients in whom ring-like
artefacts were present and in those in whom
running an animated loop through the image

Figure 1 Detection of venous activation using contrast enhancement. This patient with a metastasis performed a left finger tapping task during functional
imaging. Frames a and b: In the right central region there is dual activation: a medial activation (arrow) and a more lateral activation (arrowhead). This
lateral activation overlies the central sulcal vein that is identified on the contrast enhanced anatomical scan (a), whereas the medial activation overlies the
parenchyma of the precentral gyrus. Frame c: time courses of the large draining vein (arrowheads on frames a and b) and small parenchymal venules (arrows
on frames a and b). With a coarse temporal resolution (4 s/image), no significant diVerences in the time to onset of the haemodynamic changes can be identified.
The size of activation, its significance, and the % signal change within the larger vein are more prominent compared with small parenchymal venules.

Figure 2 Mean % MR signal change in large draining veins versus small parenchymal
venules. Each diamond represents a pair of % MR signal changes within large veins and
small venules for all investigated functional scans. Per cent signal change in larger veins is
typically 2.4 times as high as in parenchymal venules. In some patients, no parenchymal
activation was visible whereas activation in larger veins was still evident (see fig 3 for an
example).
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raw data showed head movement, an auto-
mated motion detection and correction algo-
rithm was employed (n=93 runs). In 23
functional runs, no improvement was noted.
The remaining 70 runs did show improvement
both because of eliminated motion artefacts
and in some cases, also because of an enhanced
parenchymal signal (fig 7). In the group of
patients in whom the motion correction
algorithm failed, head movements in all three
directions with movements exceeding 2 mm

Figure 3 Intraoperative demonstration of the large draining vein visible during fMR examination. Notice the
parenchymal activation (* in a) that was located 15 mm below the most significant activation (white arrowhead in b); in
this patient with a convexity meningioma (arrows in b and c). The most significant activation was directly adjacent to the
meningioma. In the operative site note the large central sulcal draining vein (black arrowheads in (c) that was the
anatomical correlate of the functional “activation”.

Table 3 DiVerences between large draining veins and small parenchymal venules

Hand Finger Feet Toes Tongue Lip

Parenchymal venules:
% Signal change 2.7 2.8 2.4 2.2 2.6 2.5
SD 0.8 0.8 0.6 0.4 1.0 0.7
Minimum 0 0 0 0 1.4 1.6
Maximum 4.2 4.3 3.6 2.9 3.3 3.8

Large draining veins:
% Signal change 6.3 6.3 6.1 4.9 4.3 5.6
SD 1.5 1.7 1.2 1.1 1.3 0.9
Minimum 0 0 0 0 2.9 4.4
Maximum 9.6 9.2 8.4 6.6 5.3 6.6

Correlation coeYcient (r) 0.80 0.81 0.38 0.57 0.99 0.62

754 Krings, Reinges, Erberich, et al

www.jnnp.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp.70.6.749 on 1 June 2001. D

ow
nloaded from

 

http://jnnp.bmj.com/


were noted. In those in whom motion correc-
tion succeeded the movement was predomi-
nantly noted in one direction, and was usually
smaller than 1.5 mm.

Discussion
Preoperative assessment of motor function can
be performed with various methods in addition
to fMRI. Positron emission tomography (PET)
has been used since 1987.19 One of the main
advantages of PET over fMRI is better signal to
noise ratio. However, PET facilities are not as
widely available as MR facilities, imaging is less
cost eVective, and the spatial resolution is infe-
rior.3 Coregistration of functional PET data
with anatomical MRI or CT data is still neces-
sary. Finally, fMRI is not dependent on
radiation, making it more suitable for routine
presurgical evaluation. Dipole source analysis
of magnetoencephalographic (MEG)20 and
electroencephalographic (EEG) data21 have
also been used for presurgical planning. Both
methods have an excellent temporal resolution

and can localise the central sulcus with high
accuracy. However, by contrast with fMRI,
these methods are again more time consuming
and not widely available. The major drawback,
however, is that both EEG and MEG dipole
source algorithms determine a point source
and not an extended field of activated brain tis-
sue.22 By means of MEG and EEG alone the
main goal of a minimal invasive approach—to
spare all regions relevant for a specific
function—cannot be assessed preoperatively.
Recently, transcranial magnetic stimulation
(TMS) in conjunction with a neuronavigation
system (stereotactic TMS (STMS)) has dem-
onstrated its potential as an easy to use and cost
eVective method for preoperative assessment of
cortical areas involved in motor execution.23

However, so far only motor functions can be
reliably mapped and the exact localisation
accuracy is not yet determined in a larger series
of patients.

Although fMRI seems to be the method of
choice for the preoperative evaluation of
patients with mass lesions near functionally
important brain regions,1–16 no study has so far
focused on the potential problems and arte-
facts of this technique. Therefore we discuss
these problems and the possible solution
strategies that we employed.

SIGNAL FROM LARGER VESSELS

Functional MRI depicts neuronal activity indi-
rectly via haemodynamic changes in the human
brain. Vessels draining the site of neuronal
activation, not the active neurons, are dis-
closed. By contrast with small draining veins in
the brain parenchyma (microvasculature) the
larger draining veins (macrovasculature) have
an unclear spatial relation to the actual site of
neuronal activation. Detection of functional
MR activation in these vessels is therefore less
desirable. The so-called “brain or vein”

Figure 4 This patient with a solitary metastasis does not show any parenchymal activation whereas activation within the
vein draining the central region is still visible. Per cent signal change between rest and activation within the parenchyma
might be too low to yield significant results whereas activation within the draining veins with its higher % signal change can
still be detected. In this patient, additional activation within premotor regions, the supplementary motor area, and the
ipsilateral motor cortex can be seen.

Figure 5 Degree of paresis v degree of motion artefacts.
The height of the black bars indicates the number of
functional scans in which motion artefacts were present, the
open bars represent scans without motion artefact. In
patients with a paresis, motion artefacts occur more often,
presumably due to coactivation of proximal muscles.
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problem24 characterises the lack of knowledge
about whether large draining veins without a
close relation with the areas of cerebral activa-
tion or small parenchymal venules in close
proximity to the sites of neuronal activity
(maximally 1.5 mm apart) are identified during
BOLD fMRI.25

SIGNAL FROM LARGER VESSELS: SOLUTIONS FROM

CONTRAST ENHANCED STUDIES

The small venules of the parenchyma are too
small to be detectable in contrast enhanced
studies. However, the larger sulcal veins that
are fed by smaller veins within the posterior

Figure 6 MR signal time courses during diVerent types of movement artefacts. (A) is an MR signal time course of a
functional scan during which an abrupt movement occurred during task commencement in the third “on period”. The
increase in MR signal is so pronounced that a significant “activation” is computed for the cortical area this time course
stems from. (B) shows a reverse example: in this cortical area task related haemodynamic changes were seen (note the
relative increase in the first and third “on period”). However, during the second “on period” a large decrease in MR signal
secondary to an abrupt head movement prevented this area from showing a significant activation. In (C) a time course
with a gradual increase in MR signal secondary to slow head movements is demonstrated. This type of artefact might mimic
activation because the MR signal within each “on period” is higher than in every preceding “oV period”. (D) shows an
example of a cortical area with task related haemodynamic changes that are obscured by gradual head movements. Motion
correction would lead to an increase in statistical significance within this area.
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Figure 7 (a) Movement related artefacts. This frame shows a patient with a left frontal arteriovenous malformation that was hyperintense on T2*
weighted BOLD images during clenching of her right hand. Due to movement related artefacts in the superior-inferior direction, this area of high signal
intensity was shifted during task performance into areas of lower T2* signal intensity, mimicking a task related increase in the BOLD signal and therefore
“activation” within the tumour. (b) Motion artefact reduction using mathematical algorithms. This frame shows the same slices as in (a) after
mathematical motion correction using identical statistical threshold levels. The false activation within the lesion and the left frontal halo are extinguished,
whereas activation within M1 remains unchanged.
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and anterior banks of the precentral and post-
central gyrus26 are visible after contrast admin-
istration. In 88% of all investigated paradigms,
we found superficial activation within the cen-
tral sulcus after motor activation, in 86% of the
functional runs an additional deep medial area
overlaying the parenchyma of the precentral
gyrus was found. In all patients in whom a deep
medial activation was seen, we also found the
superficial more lateral area of task related
haemodynamic changes. The lateral area of
activation overlaid a vein visible on contrast
enhanced T1 weighted sequences whereas the
medial area did not. Moreover, the lateral area
extended over multiple slices, being a tubule-
like structure. This activation, therefore, re-
flects a superficial vein within the central
sulcus, draining primarily upwards, or in axial
slices, lateral, towards the brain surface and the
superior sagittal sinus, whereas the medial
activation reflects parenchymal microvascula-
ture. Merging of functional images with
contrast enhanced T1 weighted images can
therefore diVerentiate functional MR signal
changes of large draining vessels from those of
small parenchymal vessels.27

SIGNAL FROM LARGER VESSELS: SOLUTIONS FROM

DIFFERENT PULSE SEQUENCES

Monte Carlo modelling of susceptibility phys-
ics has shown that unlike spin echo sequences,
gradient echo sequences are not specific in the
detection of vessel sizes.28–30 Both macrovessels
and microvessels are detected with a high sen-
sitivity. Spin echo sequences on the other hand,
have a high specificity for microvessels but are
less sensitive to magnetic susceptibility eVects.
At 1.5 T, functional contrast for both se-
quences is similar within parenchymal regions
whereas signal changes in large vessels are
greatly reduced by employing an additional
refocusing pulse as used in spin echo se-
quences.31 The diminution of signal arising
from large vessels is not seen for gradient echo
sequences. This decreased specificity for de-
tected vessel size of gradient echo sequences is
traded against a higher overall sensitivity for
magnetic susceptibility diVerences and there-
fore a higher % signal change in gradient echo
sequences compared with spin echo sequences.
Therefore, we think that whenever possible
T2* weighted spin echo sequences—for exam-
ple, asymmetric spin echo sequences31—should
be employed in presurgical evaluation of motor
function.

SIGNAL FROM LARGER VESSELS: SOLUTIONS FROM

TIME COURSE DATA

The MR signal time courses can provide valu-
able data for discerning large draining veins
from parenchymal venules both in regard to
time to onset of the increase in MR signal and
the % signal change. DiVerences in the onset of
signal change between large draining veins and
cortical microvasculature have been reported
previously.32 It has been shown that the
increases in MR signal during task perform-
ance in large draining veins are time delayed
compared with those from the parenchymal
microvasculature corresponding to the sites of

neuronal activity. These authors argued that
the longer delay was consistent with the time
required for blood to pass smaller veins and
reach larger vessels. The diVerences for mac-
rovasculature and microvasculature in the rise
time was 1–3 seconds. A time resolution of 4
seconds, as was used in our fMRI experiments,
is therefore too coarse to detect robust
diVerences between both types of activation.
Similarly, the finding of an initial dip of the
BOLD MR signal corresponding to an early
rise in deoxyhaemoglobin seen by spectro-
scopic imaging33 as an alternative approach to
discern larger draining veins from parenchymal
activation is not possible with this time resolu-
tion. This initial dip, which is only seen in small
venules with a close spatial correspondence to
the neuronal activity, occurs in the order of
100–300 ms after a stimulus is presented and
therefore is not detectable with the routine
functional imaging sequences.

We have found a considerably higher % sig-
nal change in large draining veins compared
with parenchymal venules, which has also been
reported previously.34 35 These diVerences in %
BOLD MR signal intensity changes seen in the
described gradient echo pulse sequence can be
explained by diVerent eVects. Firstly, magnetic
susceptibility eVects and a concomitant in-
crease in % signal change are enhanced around
large veins draining an extended activated
region.27 Secondly, the macroscopic signal
increase during neuronal activation reflects a
net increase in brain oxygenation within an
extended field of brain tissue. The more
prominent increase in % signal change might
therefore be due to a partial volume eVect. As
parenchymal vessels are considerably smaller
than the draining macrovessels, parenchymal
activation suVers from larger partial volume
averaging with brain tissue unaVected by the
motor activation. Thirdly, inflow eVects, which
have a significant impact on % signal
changes24 36 are less pronounced in cortical
microvasculature because there is a random
distribution of capillary orientation.37 Fourthly,
% signal changes might also be larger in the
macrovasculature as the venous drainage in
larger sulcal vessels have contributions from a
larger area—that is, both the precentral and
postcentral gyrus—which are both active dur-
ing motor tasks.

Because large draining veins with an unclear
relation with the site of neuronal activity have
larger % signal changes, caution must be taken
if a study shows a low signal to noise ratio.
Parenchymal activation yields relatively lower
% signal changes (typically in the order of 2.5%
but in some patients as low as 1.6%). If
background noise (typically in the order of
1.2% but in some studies as high as 1.9%)
approximates to the parenchymal activation %
signal change, this change might be too low to
yield significant results.38 In these cases paren-
chymal activation with a lower statistical power
might even be non-detectable, whereas venous
activation still is, which leads to misinterpreta-
tion of the anatomical correlate of the specific
task related activity as only larger venous struc-
tures demonstrate a high enough ÄS and

Functional MRI for presurgical planning: problems, artefacts, and solutions 757

www.jnnp.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp.70.6.749 on 1 June 2001. D

ow
nloaded from

 

http://jnnp.bmj.com/


therefore a high enough statistical power. This
might explain why, in three patients, we did not
find parenchymal activation whereas we did see
the lateral draining vein (see fig 3 for an exam-
ple). Here, the low signal to noise ratio of fMRI
might lead to misinterpretation of the real
location of motor activity. When evaluating
higher cognitive functions such as preoperative
language mapping caution must be taken as for
these paradigms ÄS is even lower; therefore,
active parenchyma will more often demon-
strate % MR signal changes too low to be
detectable.

MOVEMENT RELATED ARTEFACTS

Head movement related artefacts are present
when voxels of higher T2* signal intensity are
shifted into positions formerly occupied by
voxels with lower MR signal intensity. There-
fore, regions with high intensity gradients
across neighbouring voxels are particularly
prone to movement related artefacts. Local
susceptibility artefacts are present at regions at
the base of the brain, next to the orbits, near the
petrous bones and the frontal sinuses, near the
outer rim of the brain and skull, the ventricles,
and even near tumour tissue (fig 6 A). Highly
vascularised tumours such as arteriovenous
malformations, tumours containing extracellu-
lar methaemoglobin (cavernous haemangi-
oma), and tumours with surrounding oedema
have a high signal on T2* weighted sequences,
tumours containing haemosiderin, melano-
mas, or tumours containing large amounts of
protein or fat on the other hand, are typically
hypointense on T2* weighted sequences com-
pared with brain parenchyma. In some of the
aforementioned areas, MR signal intensity gra-
dients of up to 50% can be seen.39 Here, even a
movement in the order of 1/20 of a voxel length
(0.2 mm) can lead to significant MR signal
changes that may erroneously be interpreted as

activation. Particularly in tumours infiltrating
the motor areas, identification of these arte-
facts is paramount for surgical planning.
Depending on the type of movement (for
example, movements in the axial plane; tor-
sional head movement in the coronal plane,
tilting of the head in the sagittal plane), these
artefacts may occur at diVerent borders of the
structures mentioned. Motion in the axial
plane typically has a ring-like spatial appear-
ance around the respective brain structures
after statistical evaluation (fig 8). Hajnal et al40

reported that sometimes these types of motion
artefacts cannot be diVerentiated from “real”
activation, as they typically lead to higher %
signal changes and, therefore, to a higher
statistical significance.

We found a high degree of correlation
between motion related artefacts and degree of
paresis. If a paresis was present, motion
artefacts occurred significantly more often
than in patients without a paresis (72% v
29%). In patients with paresis, the proximal
extremity musculature is typically still intact as
proximal and trunk muscles receive input from
both hemispheres. To perform the required
task, the patient therefore often showed
coinnervations of the shoulder muscles for
tasks involving the upper limb and with
muscles of the trunk in tasks involving the
lower limb. Typically, both types of compensa-
tory movements additionally lead to head
movements or, even worse, to movements of
the head coil if not properly fixed.

Head movement does not only induce addi-
tional “false” activation, it can also diminish or
even mask “real” activation by changing the
signal time course in such a way that the task
synchronous MR signal is obscured. Both
abrupt and gradual head movements can cause
this eVect. Abrupt head movements lead to
abrupt changes in signal time course (fig 6 A).

Figure 8 Movement related artefacts. This figure shows the typical motion artefact present during movements in the axial
plane (from left to right) appearing as a “halo” around the brain. This patient with a severe paresis of her left upper limb
caused by a glioblastoma multiforme showed head movements exceeding 1 cm in the axial plane during task performance
that could not be corrected by mathematical algorithms.

758 Krings, Reinges, Erberich, et al

www.jnnp.com

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jnnp.bm

j.com
/

J N
eurol N

eurosurg P
sychiatry: first published as 10.1136/jnnp.70.6.749 on 1 June 2001. D

ow
nloaded from

 

http://jnnp.bmj.com/


If an abrupt head movement leads to a sudden
decrease of the MR signal time course during
task activation, statistical tests will not show the
aVected voxels to be “active” as no task related
increase in MR signal is obvious (fig 6 B).
Gradual head movements (fig 6 C and D)
might have the same eVect.

THE MOTION ARTEFACT PROBLEM: SOLUTIONS

FROM CHOOSING THE RIGHT PARADIGM

In patients with a paresis, diVerent paradigms
can be used to avoid artefacts while maintain-
ing functional information. Possible paradigms
are sensory stimulation, passive movements, or
motor imagery. It might also be useful in
patients with a severe paresis to consider alter-
native mapping modalities mentioned above
(TMS, PET). In patients without a paresis,
hand clenching resulted in motion artefacts in
30.3%, whereas only 14.8% of the patients
without a paresis showed movement related
artefacts during finger tapping. The same was
true for muscles of the lower limb; foot flexion
resulted in motion artefacts in 38.5% of the
scans, toe curling only in 18.2%. In patients
without impairing neurological deficits, tasks
involving more distal muscles should therefore
be favoured against those tasks involving addi-
tional proximal muscles. These tasks activate
the hand and foot area reliably and with a lesser
degree of movement related artefacts. As more
distal muscles are represented over a larger
cortical region than proximal muscles, only a
minimal loss of % signal intensity is theoreti-
cally expected and was in fact found in our
experiments.

THE MOTION ARTEFACT PROBLEM: SOLUTIONS

FROM TIME COURSE DATA

The BOLD response curve after neuronal acti-
vation demonstrates the first T2* signal
increase about 4 seconds after commencing the
task with the peak (mean 2.5%, maximum
4.3%) reached at about 8 seconds.38 Movement
related artefactual activation does not follow
these considerations. When starting the task,
the MR signal increases abruptly and reaches
its maximum directly and without a delay.
There is no gap between the start of the task
and MR signal increase and no gradual
increase of the MR signal to reach a maximum.
An initial dip that is found when scanning with
a high temporal resolution within the paren-
chymal vessels and that corresponds to the ini-
tial decrease in oxyhaemoglobin content due to
the delayed increase in regional cerebrovascu-
lar blood flow and volume33 is never seen in the
raw MR data of motion artefacts. Per cent sig-
nal changes during head movements are
typically higher than 5%. Concurring with the
increase in MR signal on one border of high
tissue susceptibility gradients is a mirrored
decrement of MR signal on the opposite border
(surrounding voxels or the other side of the
head) that is, depending on the statistical test
used, not necessarily visualised. Time course
analysis can therefore be reliably used for the
detection of head motion artefacts.

THE MOTION ARTEFACT PROBLEM: SOLUTIONS

FROM MATHEMATICAL ALGORITHMS

Before starting data evaluation, functional
scans should be scanned for interimage motion
artefacts by running an animated loop through
the whole set of images. Gross head move-
ments should be avoided during image acquisi-
tion; however, as mentioned above, even
motion in the subvoxel magnitude can lead to
severe artefacts in the vicinity of tissue
boundaries. Although we did not employ
motion correction on a regular basis we think
that motion correction is worth the additional
time during data evaluation and should be
employed on a regular basis. Now it is our
policy to perform automated motion correc-
tion in all patients, regardless whether motion
artefacts are present or not. Advantages of the
algorithm we used in our study are that it is not
dependent on a large field of view, a multiple
slice study, or a particular starting position.
Compared with other alternative registration
techniques this approach has performed fa-
vourably both in speed and accuracy.41

Conclusion
This study includes the largest number of
patients investigated with functional MRI for
presurgical planning so far. We have shown that
problems and artefacts of functional MRI can
be reliably detected and at least in part reduced
or eliminated with the help of mathematical
algorithms, appropriate pulse sequences, and
task paradigms; and—in our opinion most
important—by evaluating the fMRI raw data
(the MR signal time courses). Uncritical use of
fMRI and belief in all “bright spots” on a func-
tional imaging study should be avoided. We
conclude that functional MRI has to be
checked carefully for diVerent types of artefacts
before it can be used routinely in the presurgi-
cal decision making process. Despite the
promising potentials of functional MRI (spatial
and temporal resolution, cost eVectiveness,
ease of use) proper interpretation of the results
requires experienced colleagues, just as with
any other neuroradiological procedure.
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